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Abstract 

Treating the gravitational force on the same footing as the electroweak and strong forces, we 
present a quantum field theory of gravity based on spin and scaling gauge symmetries. A biframe 
spacetime is initiated to describe such a quantum gravity theory. The gravifield sided on both 
locally flat noncoordinate spacetime and globally flat Minkowski spacetime is an essential ingredient 
for gauging global spin and scaling symmetries. The locally flat gravifield spacetime spanned by 
the gravifield is associated with a non-commutative geometry characterized by a gauge-type field 
strength of the gravifield. A coordinate-independent and gauge-invariant action for the quantum 
gravity is built in the gravifield basis. In the coordinate basis, we derive equations of motion 
for all quantum fields including the gravitational effect and obtain basic conservation laws for all 
symmetries. The equation of motion for gravifield tensor is deduced in connection directly with the 
total energy-momentum tensor. When the spin and scaling gauge symmetries are broken down to 
a background structure that possesses the global Lorentz and scaling symmetries, we obtain exact 
solutions by solving equations of motion for the background fields in a unitary basis. The massless 
graviton and massive spinon result as physical quantum degrees of freedom. The resulting Lorentz- 
invariant and conformally flat background gravifield spacetime is characterized by a cosmic vector 
with a nonzero cosmological mass scale. The evolving Universe is, in general, not isotropic in terms 
of conformal proper time. The conformal size of the Universe becomes singular at the cosmological 
horizon and turns out to be inflationary in light of cosmic proper time. A mechanism for quantum 
scalinon inflation is demonstrated such that it is the quantum effect that causes the breaking of 
global scaling symmetry and generates the inflation of the early Universe, which is ended when the 
evolving vacuum expectation value of the scalar potential gets a minimal. Regarding the gravifield 
as a Goldstone-like field that transmutes the local spin gauge symmetry into the global Lorentz 
symmetry with a hidden general coordinate invariance, a spacetime gauge field is constructed from 
the spin gauge field that becomes a hidden gauge field. The bosonic gravitational interactions are 
described by the Goldstone-like gravimetric field and spacetime gauge field. Two types of gravity 
equation result; one is as the extension to Einstein’s equation of general relativity, and the other is a 
new one that characterizes spinon dynamics. The Einstein theory of general relativity is considered 
to be an effective low-energy theory. 
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I. INTRODUCTION 


The gravitational force as a basic force of nature has well been characterized in the macro¬ 
scopic world by the theory of general relativity formulated by Einstein [II] as the dynamics 
of a metric in Riemannian spacetime. It remains unsatisfactory that the other three basic 
forces, i.e., electromagnetic, weak and strong interactions, have successfully been described 
by the so-called standard model (SM) of gauge interactions within the framework of rel¬ 
ativistic quantum held theory (QFT) [2 llj in the hat Minkowski spacetime, which is in 
contrast to the gravitational force that is formulated by a dynamic curved spacetime. Such 
an odd dichotomy causes an obstacle for a unihed description of gravity with three basic 
forces and a difficulty for the quantization of gravitational force. On the other hand, it 
becomes more and more clear that a QFT description for the gravitational force will play a 
signihcant role in understanding and expiring the origin of Universe, such as the singularity 
and inhat ion of the early Universe (l2-15l . 

The relativistic QFT as a successful theory that unihes quantum mechanics and special 
relativity provides a remarkable theoretical framework to describe the microscopic world. 
The three basic forces have well been characterized by the SM based on the gauge symmetries 
of quarks and leptons, which have been tested by more and more precise experiments. 
The advent of the SM-like Higgs boson at the LHC BQ motivates us to study a more 
fundamental theory including quantum gravity. A consistent description for the gravitational 
force has not yet been established successfully within the framework of QFT. The foundation 
of Einstein’s general relativity is based on the postulate: The laws of physics must be of such 
a nature that they apply to a system of reference in any kind of motion. Such a postulate 
appears to be a natural extension of the one of special relativity. The principle of special 
relativity concerns two postulates. One is the postulate of relativity, namely, if a system of 
coordinates K is chosen so that, in relation to it, physical laws hold good in their simplest 
form, the same laws also hold good in relation to any other system of coordinates K' moving 
in uniform translation relatively to K. The other is the postulate that the velocity of light 
in vacuum is a constant. The hrst postulate of relativity is actually satished by the classical 
mechanics of Galileo and Newton. It is the second postulate of the constancy of the velocity 
of light in vacuum that leads to the relativity of simultaneity and the related laws for 
the behavior of moving bodies and clocks. Consequently, it leads space and time to be a 
four-dimensional flat Minkowski spacetime and the physical laws to be invariant under the 
global Lorentz transformations of SO(l,3) symmetry. In Einstein’s general relativity, the 
postulate of relativity is extended to be: the physical laws of nature are to he expressed by 
eguations which hold good for all systems of coordinates, which leads the gravitational force 
to be characterized by a Riemann geometry in a curved spacetime. Namely, the gravitational 
force lies in the dynamic Riemannian geometry of curved spacetime. Thus, the physical laws, 
in the theory of general relativity, are invariant under the general linear transformations of 
local GL(4, i?) symmetry, which indicates that space and time cannot be well dehned in 
such a way that the differences of the spatial coordinates or time coordinates can be directly 
measured by the standard ways proposed in special relativity. 

As gauge theories have been shown to be consistently described by QFT, it motivates 
one to make efforts for Ending out a gauge theory description on the gravitational force. 
In analogue to the Yang-MilF 
proposed by many pioneers 
describing electromagnetic, weak and strong interactions of quarks and leptons, numerous 
efiorts on gravity gauge theories have been made over the past half century, and more 
literatures may be found in some review articles [234^. It is noticed that most gravity 


aug e theory [1^, early works on gravity gauge theories were 


23j. As gauge theories have successfully been achieved in 














gauge theories were built based on Riemannian or non-Riemannian geometry on curved 
spacetime manifolds. Thus the main issues on the dehnition of space and time and the 
quantization of gravity gauge theories remain open questions. Also, the basic structure of 
Lagrangian and dynamic properties of gravity gauge theories are still not well understood. 

In this paper, we shall present an alternative gauge theory of gravity within the framework 
of QFT in the flat Minkowski spacetime and treat the gravitational force on the same footing 
as the electroweak and strong forces. Namely, all basic interactions of elementary particles 
will be governed by gauge symmetries and characterized by quantum helds defined in the 
flat Minkowski spacetime of coordinates. As all known symmetry groups are related to the 
intrinsic quantum numbers of the basic building blocks of nature, i.e., quarks and leptons, 
the key point for the gauge theory of gravity in our present consideration is that we will 
distinguish the spin symmetry group SO(l,3)= SP(1,3) of fermion helds from the Lorentz 
symmetry group SO(l,3) of coordinates in the Minkowski spacetime, and treat the spin 
symmetry SP(1,3) as an internal symmetry. The notations SP(1,3) and SO(l,3) are used to 
mark explicitly such two different kinds of symmetries. Since special relativity and quantum 
mechanics have a strong foundation based on the well-established principles, we shall make 
postulates for the QFT description of gravity based on the principles of relativistic QFT. The 
main postulates are (i) a biframe spacetime is proposed to describe the quantum held theory 
of gravity. One frame spacetime is the globally hat coordinate Minkowski spacetime that 
acts as an inertial reference frame for the motions of helds, and the other is the locally hat 
noncoordinate graviheld spacetime that functions as an interaction representation frame for 
the degrees of freedom of helds. (ii) The kinematics of all quantum helds obeys the principles 
of special relativity and quantum mechanics, (iii) The dynamics of all quantum helds is 
characterized by basic interactions governed by the gauge symmetries, (iv) The action of 
quantum gravity is to be expressed in the so-called graviheld spacetime to be coordinate 
independent and gauge invariant, (v) The theory is invariant not only under the local spin 
and scaling gauge transformations of quantum helds dehned in the graviheld spacetime, 
but also under the global Lorentz and scaling as well as translational transformations of 
coordinates in the hat Minkowski spacetime. We shall show that a theory of quantum 
gravity based on the spin and scaling gauge symmetries can, in general, be constructed 
in a coordinate-independent formalism and naturally transmuted into the coordinate basis 
through a basic gravitational held. 

The success of a relativistic QFT description on the SM is based on a global symmetry of 
the inhomogeneous Lorentz group or Poincare group that contains both the Lorentz group 
SO(l,3) and translational group in a globally hat Minkowski spacetime of coordinates. 
Namely, a fundamental theory built within the framework of relativistic QFT is invariant 
under a global symmetry of Poincare group P(l,3) = SO(l,3)xT^’^. To build a gauge 
theory of gravity within the framework of relativistic QFT, we suppose that it remains 
essential to keep a global symmetry of Poincare group P(l,3) in a hat Minkowski spacetime 
and in the meantime introduce a locally hat noncoordinate spacetime through gauging an 
internal Poincare group PG(1,3) to characterize fermionic degrees of freedom, such as quarks 
and leptons that are regarded as the basic building blocks of matter in the SM. Such a 
conceptual idea on establishing a gauge theory of gravity is distinguished from the original 
thought of Einstein, who extended the special theory of relativity to a general theory of 
relativity with a straightforward speculation that the physical laws that are invariant under a 
global symmetry of Poincare group P(l,3) in a hat Minkowski spacetime are to be expressed 
by more general formalisms that are invariant under a local symmetry of general linear 
group GL(4, R) in a curved Riemannian spacetime of coordinates. It is known that the 
GL(4, i?) group contains no symmetry of translational group T^’^, though it includes a 


symmetry of Lorentz group S0(l,3). We will show that a gauge theory of gravity constructed 
based on the postulate of gauge invariance and coordinate independence possesses a gauge 
symmetry of the spin group or gauged Lorentz group SP(1,3) that is a subgroup of internal 
Poincare gauge group PG(1,3) in a locally flat noncoordinate spacetime. Here the notation 
PG(1,3) is used to distinguish from the global symmetry of Poincare group P(l,3) in the 
Minkowski spacetime of coordinates. In general, the resulting gauge theory of gravity will 
be demonstrated to have a basic local and global symmetry SP(l,3)x P(l,3) in either the 
gravitational fermionic interactions or bosonic interactions. A new gravifield dehned on both 
a globally flat coordinate Minkowski spacetime and a locally flat noncoordinate spacetime is 
necessarily introduced as a gauge-type held that transforms homogeneously under the spin 
gauge group SP(1,3) and forms a basis for a locally hat noncoordinate spacetime. Such 
a locally hat noncoordinate spacetime spanned by the graviheld basis forms a coordinate- 
independence graviheld spacetime. Thus, the graviheld is thought to be associated with a 
gauge held in the coset = PG(1,3)/SP(1,3) of Poincare gauge group PG(1,3) in the 
spinor representation of the locally hat noncoordinate graviheld spacetime. We shall show 
that the gauge-type graviheld is a basic held characterizing the gravitational interactions and 
the spin gauge held of spin group SP(1,3) rehects a torsional interaction. When transmuting 
the spin gauge symmetry into a hidden gauge symmetry via the graviheld, we arrive at a 
new formalism of the gauge theory of gravity with a global Poincare symmetry in the hat 
Minkowski spacetime of coordinates. As a consequence, the general theory of relativity 
will be found to result as an ehective theory of the gauge theory of gravity in the low- 
energy limit, and a general coordinate invariance of general linear group GL(4, R) appears 
as a hidden symmetry embedded in the global Poincare group P(l,3) via a gauge-hxing 
coordinate transformation of the general linear group. 

Our paper is organized as follows: After a brief introduction in this section, we are going 
to extend in Sec.II the global spin and scaling symmetries of basic fermion helds to be lo¬ 
cal spin and scaling gauge symmetries within the framework of QFT in the hat Minkowski 
spacetime, which enables us to treat the gravitational force on the same footing as other 
three basic forces. As a consequence, it is inevitable to introduce simultaneously a bicovari¬ 
ant vector held dehned on the globally hat Minkowski spacetime and valued in the 

locally hat noncoordinate spacetime. In Sec. Ill, it is shown that the bicovariant vector 
held is essential in characterizing the gravitational interactions and will be referred 

as gravifield for short. The so-called gravifield can form a gravifield basis {x“}. Such 

a graviheld basis describes the locally hat noncoordinate spacetime that is named as a grav¬ 
ifield spacetime. Based on the locally hat graviheld spacetime, we are able to construct a 
coordinate-independent and gauge-invariant action for a gravitational gauge theory, where 
the fermion helds and gauge helds belong to the spinor representations and vector represen¬ 
tations of the spin symmetry group SP(1,3), respectively. In Sec. IV, we naturally express 
the action of gravity gauge theory in the globally hat Minkowski spacetime by simply con¬ 
verting the graviheld basis into the coordinate basis. Taking the globally hat Minkowski 
spacetime as an inertial frame for a reference to describe the motions of all quantum helds, 
we obtain explicitly their equations of motion in the existence of gravitational interactions, 
which enables us to study in principle the dynamics of all quantum helds including the 
gravitational ehects. As the action provides a unihed description for all basic forces based 
on the gauge symmetries within the framework of QFT, it makes a meaningful dehnition 
for momentum and energy and allows us to discuss the basic conservation laws of the the¬ 
ory under the local gauge invariance and global transformation invariance in Sec. V. We 
demonstrate that, alternative to Einstein’s equation for the theory of general relativity, the 
equation of motion for the graviheld tensor is obtained in connection directly to the energy- 


momentum tensor, which leads to a basic conservation law for a gravifield tensor current 
in light of the energy-momentum conservation. In Sec. VI, we discuss the gravitational 
gauge symmetry breaking based on the fact that the spin and scaling gauge fields are not 
observed experimentally. It is postulated that the spin and scaling gauge symmetries are 
broken down to the global Lorentz and scaling symmetries, which results in a background 
structure described by the background fields. From the equations of motion for the back¬ 
ground fields, we obtain a set of exact Lorentz-invariant solutions characterized by a cosmic 
vector with a nonzero cosmological mass scale. In Sec. VII, a gauge-invariant line ele¬ 
ment in the locally flat gravifield spacetime is defined with the gravifield basis, the scaling 
scalar field ensures the line element to be invariant under both the local and global scal¬ 
ing transformations. It is demonstrated that the background structure after gravitational 
gauge symmetry breaking generates a background gravifield spacetime which coincides with 
a conformally flat Minkowski spacetime governed by a background conformal scale field. 
Such a conformal scale field becomes singular at the cosmological horizon in terms of the 
conformal proper time. We then show that, in light of the cosmic proper time, the evolving 
Universe based on the background gravifield spacetime becomes conformally inflationary 
or deflationary. Such a resulting Universe is in general not isotropic; only in a comoving 
reference frame where the cosmic proper time is directly correlated to the comoving Lorentz 
time does the Universe look like homogeneous and isotropic. In Sec. VIII, we describe the 
quantization of the gravitational gauge theory based on the background structure of the 
gravifield spacetime. The physical quantum degrees of freedom are analyzed by applying 
for the usual counting rule of the gauge theory. In the path integral approach, we present 
the gauge-fixing contributions to the quantization of gravity theory and the Faddeev-Popov 
ghost term. The leading effective action is explicitly yielded for writing down the Feynman 
rules of the quantum gravity theory. The renormalizability of the theory is discussed. Then 
we demonstrate how the quantum effect causes the inflation of the early Universe and leads 
the inflationary Universe to end via spontaneous scaling symmetry breaking in the effective 
background scalar potential. In Sec. IX, an alternative spacetime gauge field defined in 
the flat Minkowski spacetime is constructed through the spin gauge field and the gravi¬ 
field, where it is shown that the spin gauge symmetry becomes a hidden symmetry and the 
gravifield appears as a Goldstone-like field that transmutes the local spin gauge symmetry 
into the global Lorentz symmetry. Then we present an alternative formalism for the action 
of quantum gravity and show that the bosonic gravitational interactions can be described 
by the Goldstone-like gravimetric field and spacetime gauge field. In Sec. X, we explicitly 
show that the gravity equation can lead to two types of equation; one type of equation is 
the extension to Einstein’s equation of general relativity, and the other is a new type of 
equation that characterizes the twisting and torsional effects. It indicates that the action 
of gravity gauge theory has a hidden symmetry for a local linear coordinate transformation 
GL(4, R). The Einstein theory of general relativity is thought to be an effective low-energy 
theory. Our conclusions and remarks are presented in the last section. 


II. GAUGE SYMMETRIES AND GRAVITATIONAL FIELDS IN QFT 

In the SM, the basic building blocks of matter are quarks and leptons which are all 
fermionic quantum fields with a half integer spin. Three basic forces electromagnetic, weak 
and strong interactions among quarks and leptons are all governed by the gauge symmetries 
U(l)yX SU(2)iX SU(3)c, respectively. The symmetry groups are related to the intrinsic 
quantum numbers of quarks and leptons. For a general consideration, let us begin with an 


action of Dirac fermion with gauge interactions, 


S = j d^x{^{x)^rSa^tD^^{x) + H.c.} + (1) 

where we have used the dehnitions 

iDf, = idf, + A^{x) , Af,{x) = gAAl{x)T^ , , 

7^,u{x) = D^] = d^Au{x) - duA^,{x) - i[Af,{x),Au{x)] = gA A'tMuixY , ( 2 ) 

with 6^^ the Kronecker symbol and 7 “ the Dirac 7 matrices. The quantum helds \l/„(x) 
(n = 1,2,...) denote Dirac fermions which can be quarks and leptons in the SM, and 
A^x) = gAAjj^{x)T^ (J = 1,2,...) represent gauge helds with the generators of symmetry 
group G and gA the coupling constant of gauge interactions. The generators satisfy the 
group algebra [T^,T'^] = with the trace normalization trT^T^ = . A^^ can be 

taken as the quantum gauge helds in the adjoint representations of gauge group G=U(l)yX 
SU( 2 )iX SU(3)c in the SM. The Greek alphabet (/i, = 0,1,2,3) and Latin alphabet 

(a, 6, = 0,1, 2, 3) are used to distinguish four-vector indices in coordinate spacetime and 
noncoordinate spacetime, respectively. As the theory discussed in this paper is based on 
the globally hat and locally hat spacetime, both the Greek and Latin indices are raised and 
lowered by the constant metric matrices, i.e., and 7 “^ with the signature — 2 , or 
g^y = diag.(l, —1, —1, —1) and 7 “^ or gab =diag. (1, —1, —1, —1). Thus the scalar product 
of vectors and tensors is obtained via the contraction with the constant metric matrices g^y 
and gab, i-e., A^A^ = g^''A^Ay and 7 “ 7 a = gabl'^l’^- The system of units is chosen such that 
c = h = 1. 

The action is invariant under the gauge transformation g{x) G G: 

A^x) A'^{x) = g{x)AYx)gYx) + g{x)idf,gYx) , 

'l/(a;) —T'(x) = g{x)'^{x) (3) 

Without gravitational interaction, the action is invariant under the global Lorentz trans¬ 
formations, where the gauge helds and Dirac fermions transform in the vector and spinor 
representations of Lorentz group, respectively, in the hat Minkowski spacetime: 

x^ x^ = A^{x) A^{x') = L/ Ay{x) , 

T(x) ^ vl;'(x') = ^(L)vl/(x), S{L)rS-\L) = L\g\ (4) 

with 

S{L) = g SP(1,3), = ^[ 7 “, 7 ^] (5) 

where are the generators of spin group SP(1,3)~ SO(l,3) in the spinor representation, 

^cd] ^ _ j^bd^ac _ j^ac^bd ^ J^bc^ad^^ 

[S“^7‘=] =z(7V-7V')- ( 6 ) 

The action is invariant under the parallel translation for coordinates 

x^ —)■ x^ = x^ + 


(7) 



with the constant vector, and also nnder the global scaling transformation for coordinates 
and qnantum helds, 

—)■ x'^ = x^, A^{x) —)■ A!^{x') = A A^{x), \h(a;) —)■ (8) 

with A the constant scaling factor. 

Before discnssing gravitational force, let ns briefly analyze how the SM introdnces the 
basic forces of electromagnetic, weak and strong interactions which are governed by the 
corresponding internal gauge symmetries U(l)yX SU( 2 ) 2 ,x SU(3)c. Such gauge symmetries 
actually reflect the correlations of quantum numbers which characterize the intrinsic prop¬ 
erties of quarks and leptons. The U(l)y gauge group reflects the charge quantum number of 
the particle and antiparticle, the SU(2 )l gauge group characterizes the symmetry between 
two isospin quantum numbers of quarks and leptons, and the SU(3)c gauge group is intro¬ 
duced to describe the symmetry among three color quantum numbers for each flavor quark. 
Quarks and leptons as Dirac fermions all carry spin and chirality quantum numbers, which 
is known to be characterized by the spin symmetry group SP(1,3) ~ SO(l,3). in the SM, 
such a symmetry of quarks and leptons must be a global symmetry, so that it coincides 
with the global Lorentz symmetry SO(l,3) of coordinates in the flat Minkowski spacetime 
to ensure the Lorentz invariance and the covariance of action in special relativity. 

Analogous to the introduction of internal gauge symmetries U(l)yX SU(2)iX SU(3)c for 
the basic forces of electromagnetic, weak and strong interactions among quarks and leptons, 
it is natural to take the spin symmetry group SP(1,3) of quarks and leptons as an internal 
gauge symmetry which governs a basic force of spin gauge interaction. The corresponding 
spin gauge field and field strength are defined as follows: 



with ps the coupling constant. It is required that the action is SP(1,3) gauge invariance 
under the spin gauge transformation S{x) = G SP(1,3) for gauge helds and 

Dirac fermions. 


= S{x)Q^{x)S \x) S{x)idf,S ^(x), 

T(x) ^ T'(x) = S{x)^{x) , S-\x)-f'^S{x) = A“ ^{x) y'’. ( 10 ) 

With the same consideration, we shall take the global scaling symmetry of Dirac fermions 
to be a local scaling gauge symmetry. Namely, the Dirac fermions transform under the local 
scaling gauge transformation as follows 

T(x) ^ T'(x) = , (11) 

while the internal gauge helds Al^(x) and spin gauge held D^(x) are unchanged in the local 
scaling gauge transformation. 

Analogously, when extending the global scaling symmetry of quantum helds to be a 
local scaling gauge symmetry, but keeping a global scaling symmetry of coordinates, we 
shall introduce the Weyl gauge heldjl^ ILQ(x), which governs a basic force of scaling gauge 
interaction and transforms under the local scaling gauge transformation as follows: 

W,{x) ^ W;(x) = W,{x) + g-% Ine(x). 


( 12 ) 


As the local scaling transformation is an Abelian gauge symmetry, the held strength is 
simply given by 


W^. = d^W,-d,W^. (13) 

In demanding the action to be invariant under both the spin gauge transformation for the 
quantum helds and the global Lorentz transformation for the coordinates, namely, keeping 
the action to have a covariant form of special relativity in the hat Minkowski spacetime, 
it is necessary to introduce a bicovariant vector held dehned on a locally hat noncoordi¬ 
nate spacetime and valued in a vector representation of Lorentz group SO(l,3) in the hat 
Minkowski spacetime, i.e.. 


Xa = , (14) 

which transforms 

Xa^{x) Xa^{x) = Aj’{x)Xb''{x) , 

x/ix) x/{x) = i{x)Xa^{x ), (15) 

under the local spin and scaling gauge transformations, respectively, and 

Xj'i.x) x/{x') = ^ x/(a:), ^ = L\ x'^ , 

x/ix) x/ix') = x/(x), ^ = A"^ x^ , (16) 

under the global Lorentz and scaling transformations, respectively, where the transforma¬ 
tions satisfy the following properties 

A„^(x)A/(x)r/- = , A,^(x) G SP(1, 3) , 

= L\eSO(l,3). (17) 

Regarding the bicovariant vector held Xa'^{x) as a kind of matrix held and dehning an 
inverse of Xa^{x), we obtain a dual bicovariant vector held x^“(x) which satishes the following 
orthonormal conditions 

X^I"{x)Xa''{x) = X,^a{x)Xb’'ix)v'''' = h/ , Xa^ {x)Xf!’(x) = Xa ^{x)Xu\x)7]f^^ = . (18) 

Such a bicovariant vector held x^“(x) exists once the determinant of Xa^{x) is nonzero, 
namely. 


det X “(x) = x(x) = } ^ x(x) = det x/(x) ^ 0 . (19) 

detxa'^(x) x(x) 

Obviously, the bicovariant vector held x^“(x) transforms as 

Xf,^{x) x^“(x) = x^^(x)Aft“(x) , 

Xi,^{.x) Xi,^{x) = r^(a:)x/(x) (20) 

under the local spin and scaling gauge transformations, respectively, and 

x;{x) ^ x;“(x') = L; x/(x) , x^ ^ x'^ = x% 

X^^{x) -X x),“(x') = x/(x), x^ -X x^ = A"^ x^ , 


( 21 ) 




under the global Lorentz and scaling transformations, respectively. can be thought 

of as a bicovariant vector field defined on the globally flat Minkowski spacetime and valued 
in the vector representation of SP(1,3) in the locally flat noncoordinate spacetime, 

X^. = X^^^{x)]pa■ ( 22 ) 

It is seen that the bicovariant vector held or dual bicovariant vector held Xa^{x) 

transforms in a covariant form on both the globally hat Minkowski spacetime of coordinates 
and the locally hat noncoordinate spacetime. Here we would like to address that the bi¬ 
covariant vector held is introduced to distinguish from the so-called tetrad denoted 

usually by e“(x), which is required to be a general covariant vector held under the general co¬ 
ordinate transformations in the Einstein theory of general relativity. The bicovariant vector 
held will be shown to constitute a basis for the locally hat noncoordinate spacetime 

and a basic gravitational held in the globally hat Minkowski spacetime of coordinates. 

With the above analyses, we shall be able to construct the action which is invariant under 
the local spin and scaling gauge transformations for the quantum helds, and also under the 
global Lorentz and scaling transformations for the coordinates. Let us hrst examine an 
action for Dirac fermions as the currently known building blocks of nature are quarks and 
leptons. The action can simply be written as follows: 

= j x{x) H.c.} (23) 

with the dehnitions 

X^{x)iV^ = = ^XaV''^hu{x)r]^’"[id^ + A^{x) + Q^(x) ] (24) 

and 

iVi^ = id^ + Af,{x) + %ix) = iD^ + ^^l{.x) , = id^ + Af,{x ), (25) 

where is the covariant derivative for the usual internal gauge and spin gauge symmetries, 

while is the derivative only for the usual internal gauge symmetries. It is easy to show 

that the above action is invariant under the usual internal and spin gauge transformations as 
well as under the global Lorentz and scaling transformations in the flat Minkowski spacetime. 
It is interesting to note that the Hermiticity of the action automatically ensures invariance 
under the scaling gauge transformation, which means that the scaling gauge field has actually 
no interaction with the fermion fields due to Hermiticity. 


III. GRAVIFIELD SPACETIME AND GAUGE THEORY OF GRAVITY 

It is unlike gauging the usual internal symmetries of fermion fields, such as the isospin and 
color symmetries of the quarks, when gauging the spin and scaling symmetries of fermion 
fields in the flat Minkowski spacetime of coordinates, the bicovariant vector field x^“(x) or 
its inverse Xa^{x) is an essential ingredient in order to distinguish the local spin and scaling 
gauge transformations of fermion fields from the global Lorentz and scaling transformations 
of coordinates. We will show that the bicovariant vector field x^“(x) is a basic held in 
characterizing the gravitational interactions. 


A. Gravifield spacetime 


Geometrically, the bicovariant vector field Xa^{x) is defined on both the locally fiat nonco¬ 
ordinate spacetime and globally fiat Minkowski spacetime of coordinates, and transforms as 
a bicovariant vector field under both the local spin gauge transformation and global Lorentz 
transformation. Explicitly, x^^{x) can be expressed in terms of the basis of coordinate 
spacetime with valued in the Dirac 7 -matrix basis { 7 “/ 2 }: 

^7“ x/{x)d^ = ^7“ Xa = X , ( 26 ) 


with 


Xa = x/{x)d^ , x'" = , (27) 

where the derivative operator = d/dx^ defines a basis {i9^} = {d/dx'^} in the globally 
fiat Minkowski spacetime of coordinates. Accordingly, the vector field Xa forms a basis {Xa} 
for the locally fiat noncoordinate spacetime. We shall call {9^} the coordinate basis and 
{Xa} the corresponding noncoordinate basis. In the coordinate basis, there is a dual basis 
{dx^} that satisfies the conditions 

f)T^ 

{dx\ d/dx^ = ^ < (28) 

The bicovariant vector field Xff'i^) the inverse of Xa^{x) can be expressed in terms of 
the dual coordinate basis {dx^} valued in the Dirac 7 -matrix basis { 7 “/ 2 }: 

^'laXt!'{x)dx^^ = ^7aX“(a^) = Xf.{x)dx>^ , 

X “ = Xt,‘'ix)dx>^ , Xm = x/(a^)^7a , (29) 

where the vector field x“ defines a dual basis {x^} for the locally fiat noncoordinate space- 
time, since 


(X^ Xa) = xJ'{x)x/{x)Zdx'', d^) = xJ'{x)Xa^{x)r]/^ = . (30) 

For the Dirac 7 -matrix basis { 7 “/ 2 }, we have 

= = (31) 

which leads to the orthogonal property 

[x,, X ") = x:(x)%‘'(x){]p^, lit = Trx,(x)x "(x) = i,/. (32) 

The vector field x^'i^) rnay be regarded as a one-form gauge potential in the fiat 
Minkowski spacetime. It is natural to speculate that the bicovariant vector field Xf^{^)i 
which characterizes the locally fiat noncoordinate spacetime with the basis {x“}) should de¬ 
scribe the gravitational interactions as a gauge-type potential field of gravity. We shall adopt 



an alternative notation when emphasizing the bicovariant vector field to be a gange-type 
potential field of gravity 

, G = -zG^dx^. (33) 

In this sense, or Xa^(x) is identified to be the gravitational bicovariant vector field 

and referred as gravifield for short in the following discussions. The noncoordinate bases 
{x“} and {Xa} characterized by the dual gravifield xfi'i^) and Xa^{x) are correspondingly 
called gravifield bases. Accordingly, the locally fiat noncoordinate spacetime spanned by the 
vector gravifield x°'{^) is mentioned as the locally fiat gravifield spacetime. 

In the locally fiat gravifield spacetime, it can be checked that the gravifield basis Xa does 
not commute; it satisfies the following commutation relation: 

[Xa, Xb] = xlh Xc, Xah = -x/Xb''x% ; xlu = df^Xu" - duXf,’" (34) 

which indicates that the locally fiat gravifield spacetime is in general associated with a non- 
commutative geometry, where the gauge-type field tensor x^iu ^iii b® shown to reflect the 
gravitational field strength. 


B. Gauge theory of gravity 

In terms of the gravifield bases and Xa, we can define a coordinate-independent exterior 
differential operator in the locally fiat gravifield spacetime 

= X“ A Xa (35) 

Thus, instead of the usual exterior differential forms in the fiat Minkowski spacetime of 
coordinates, we can define coordinate-independent exterior differential forms in the locally 
fiat gravifield spacetime. For instance, the spin gauge potential and field strength can be 
expressed as the following one-form and two-form: 

Q = -iO-a x“, TZ = d^Q + Q.AQ = x“ A x\ (36) 

where Qa and TZab are the spin gauge potential and field strength sided on the locally fiat 
gravifield spacetime,respectively. From the above definitions, it can be checked that Qa and 
TZab are correlated to the spin gauge potential and field strength TZ^i, defined on the fiat 
Minkowski spacetime as follows: 

Xla = Xa^%, T^ab = Xa^Xb''T^,u (37) 

The Hodge star is defined as 

*7^=i6“^,7^afeX^Ax‘' (38) 

4z 

Similarly, we can express other gauge potential and field strength as well as vector and 
tensor fields in terms of exterior differential forms in the locally fiat gravifield spacetime. 
For the internal gauge field and Weyl gauge field, we have 

A = -iAa x“, = d^A + AaA = ^J^ab X“ A x\ 

2z 

>V = d^hF = ^>VafeX“Ax'. 


W = -zWaX\ 


(39) 


For the gravifield, the corresponding gauge potential and held strength in the locally hat 
graviheld spacetime are dehned as 

G = , G = d^Q + ^^Q + g^W ^Q = A y' . (40) 

Their relations to the gauge potential G^ and held strength in the hat Minkowski space- 
time are given by 


— Xa^ti. 1 Qab — X/ , (41) 

with the held strength 

Gi^u = y^,Xu- ^uX^. = [ V;,x/(x) - V;.x/(a;) ] ^7^ = ^“^(x) ^7^ , 

= {d^ +gwW^)x^'^ + ^Xu - idu +gwW^)x^'" - gs^u bxj’, (42) 

where the covariant derivative is dehned as 

+ Qfj, + gwW^ = V/^ + 5'w)hF/x, = 9^ + Q.^. (43) 

The gauge-type held strength of the graviheld, G^iv{x) = V^Xu — uX^n is dehned as the 
two-form through the one-form gauge potential. In general, one can dehne the covariant 
derivative in the locally hat graviheld spacetime as 

'^a = Xa- i-Aa - i^a = = X/i ) (^ 4 ) 

With the exterior diherential forms in the locally hat graviheld spacetime and the re¬ 
quirement of renormalizability of QFT in four-dimensional spacetime, the gauge-invariant 
action for the gravitational gauge theory is constructed as follows 

= j ADT + A vV' +H.C.] +ysTr{xXx) X*{xXx)^H 

1 1 11 

— -^Tr A - :^TrTZ A *TZ — -W A *>V -|- - aw4>^TrG A *G 

9a 9l 2 2 

- ^d(j) A *d(j) - asTrU A *{x Ax)G^ + KTr (y A y) A *{x A y) + £'} , (45) 

The couplings i/s, gs, otw, ob and As are the constant parameters. £' denotes the Lagrangian 
density for possible other interactions. We have used the dehnitions and relations 

A A 

(X A x) = X“ A x^ ^^ab , *(X A x) = X^ A x'^ ^^ab , 

d(t) = {d^ - igwW)(t) , *d(t) = X^ A x'^ A x'" (Xa - 9wWa)(p , (46) 

and the totally antisymmetric Levi-Civita tensor = 1, eabcd = —satishes 

the identities 


^abcd^ 

^abcd^ 


c'd' 


ab 

abc 


dd' ^ ^abcd 


^cd'dc' \ 


—Qg 


d‘ 


^abcd^ 


-24. 


(47) 


We have introduced a scalar field 0(x) to ensure both the global scaling and local scaling 
symmetries for the gauge-type gravifield interaction characterized by the coupling constant 
aw and the scalar-type spin gauge interaction characterized by the coupling constant ag- A 
singlet fermion field 'ijj{x) is introduced to couple with the scalar field, which will be shown 
to play a significant role for the quantum inflation of the Universe. Here the scalar field 
4>{x) characterizes the conformal scaling property and transforms as 

0(x) ^ 0'(x) = ^(x)0(x) , 

0(x) 4>'{x') = A (j){x) , x^ —)> x'^ = x^ (48) 

under the local scaling gauge transformation and the global scaling transformation, respec¬ 
tively. 

The above general action for the gravitational gauge theory is given in the locally fiat 
gravifield spacetime, the fermion fields and gauge fields all belong to the spinor representa¬ 
tions and vector representations of the spin group SP(1,3), respectively. 


IV. FIELD EQUATIONS AND DYNAMICS IN THE QFT OF GRAVITY 


To obtain the field equations of motion and study the dynamics of fields, it is useful 
to transform the action of gauge theory of gravity constructed in the locally fiat gravifield 
spacetime into the action expressed in the globally fiat Minkowski spacetime. This can 
simply be realized by converting the gravifield basis into the coordinate basis through the 
gravifield. Taking the globally fiat Minkowski spacetime as an inertial frame for a reference, 
we are able to describe the motions of quantum fields and make a meaningful definition for 
the momentum and energy. In particular, it enables us to provide a unified description for 
all basic forces based on the framework of QFT for gauge symmetries. 

It is not difficult to check that the general action of gauge theory of gravity gets the 
following expression in the globally fiat Minkowski spacetime 




- jV" r" [ - a„, 4? 1 


(49) 


with the definitions 


= X/{x)Xb''{x)v‘'’' , Xix = Xix^la , (50) 

where the tensor field x^‘'{x) couples to all fields. 

The above action of gauge theory of gravity is now described within the framework of 
relativistic QFT in the globally fiat Minkowski spacetime. Where the gravifield X^^ix) ap¬ 
pears as a gauge-type field, its dynamics is governed by the gauge-type interaction of the 
field strength Q^y{x). The antisymmetric field strength tensor Q^y{x) is valued in the ho¬ 
mogeneous vector representation of the spin gauge group SP(1,3). Unlike the usual internal 
gauge fields, the gravifield x^“((r) couples inversely to all kinematic terms and also inter¬ 
action terms of quantum fields. It becomes manifest that the gravifield x^“((r) is a basic 
gauge-type field and its corresponding field strength Q^y{x) characterizes the gravitational 
force. 


Based on the above gauge-invariant action and in light of the least action principle, we 
are able to obtain equations of motion for all helds under an inhnitesimal variation of the 
helds. To write down the explicit forms of equations of motion, we shall not consider the 
Lagrangian density CJ. The equation of motion for the fermion fields T is easily obtained 
as follows 

= 0 • (51) 

Let us dehne a spin gauge-invariant vector held 

= \xX^X]p{xXc^). (52) 

so that the equation of motion for the fermion helds can simply be written as 

7“Xa^z(P^ + V^)T = 0. (53) 

In a similar way, we arrive at the equation of motion for the singlet fermion held ^|J 

+ V;.)V' = 0 . (54) 

It is not difficult to yield the equation of motion for the gauge helds 

(55) 

with the fermionic vector currents 


f^ = gAX^l^Xa^T^^. 

The internal gauge covariant derivative is given by 

Djxr'‘'r'''Tiv) = + s.(xx'"‘'x‘"'')7v 

where the second term is caused by the gravitational interactions. 

For the spin gauge heldQ“^, we arrive at the following equation of motion: 


V- (xx“‘‘'r''nfA = j*- 


ab 


with the vector-tensor currents 


r-" = \g.xn/{i° Is"''}® + \g.x^x,‘‘{i° 

- c,Eg. V. + lx'l>^awr’‘'r‘''xJ‘‘S %. 


(56) 

(57) 


(58) 


(59) 


where we have used the notations 


X 


ab] 


— V “v 

— Xu' Xu' 


/i' V 


xJxu '; 




^ aQ b 


Xu ^iJu' ■ 


(60) 


The tensor currents as the sources for the dynamics of the spin gauge heldQ“^ consist of two 
parts; one is the fermionic tensor current, and the other is made of the graviheld x^- The 
spin gauge covariant derivative is given by 


V. 




xx^^ x’''" 


s7unf,,+du{xr^'rnK' 




ab 

/iV' 


(61) 


with the second term from the gravitational effects. 

The equation of motion for the graviheld is found to be 

) = j/, 

with the bicovariant vector currents 

+ XxA - ‘^(^E9sX^^Xc^XaA^,^,xA . 

The spin and scaling gauge covariant derivative can be written as 

Au-9u,W.)AArA‘^'^'Gp'u'a) 

= xr^'r'^'A. - 9u.wMAp'.'a) + d,{ xr^'r'^' . 

In obtaining the above equation of motion, we have used the identities 5x = XXa^Afl 
(5xb^ = ~Xh^Xa ■ Alternatively, the equation of motion for the dual graviheld x^ 
easily be read off: 

x;x;c^wyM\rA^^'G,'u'c) = 

with the graviheld currents = X^i^Xp^'Jc^ 

= -XXu^C + lxiA^i^p^ + A'^iVp^ + H.c.] 


b/i 
.J ^ ,„.f 


- cd + GlAp'A 

+ XT^'- 1aE9sXG^d^tAh ■ 

For the scaling gauge held hF^, we obtain the following equation of motion: 

dAxrA^'^'y^p'.') = J^. 

with the bosonic vector current 

= -9wXA''GdvG - 9 wXG‘^oiwA^' A'"'XJ'Gp'v'a • 

The derivative can be written as 

= xr^'r'^' , 

where the second term arises from the gravitational ehects. 

For the scalar held 0, the equation of motion is simply yielded as follows: 

{dp + g^WAxr''d.G) = J, 

with the scalar current 

j = -XVs^G + xGAw - 2aE9sXj'Xb'"^fy - ]. 

The scaling gauge covariant derivative reads oh 

(< 9 ;, + 9wWf,){xA''du(l)) = xA'^dpd^cj) + {d^ + 2g^Wf,){xxAduG , 
where the second term rehects the gravitational ehects. 


(62) 

(63) 

(64) 

and 

can 

(65) 

( 66 ) 

(67) 

( 68 ) 
(69) 


( 70 ) 


V. CONSERVATION LAWS AND EQUATION OF MOTION FOR GRAVIFIELD 


The gauge theory of gravity is built within the framework of relativistic QFT in the flat 
Minkowski spacetime, which enables us to discuss in general the basic conservation laws of 
the theory. 


A. Conservation law for internal gange invariance 


For the gange invariance of internal gauge symmetry, the resulting well-known conserva¬ 
tion law is the vector current conservation in the absence of gravitational interactions. In 
the QFT of gravity, it can be shown from the equation of motion for the internal gauge held 
in Eq. fl55l) that the conservation law still holds 




D,DAxr^'r'''K'^') 

+ 9Axr‘‘'r‘'‘)D,{T‘)+d,{xr“‘r-')D,{T, 


fl'U' 


= = 0 , 


where the symmetric and antisymmetric properties have been used and the gravitational 
effects are eliminated. 

From the dehnitions of the fermion vector currents and the covariant derivative, we have 


= 9AXX/D^{^rT^^) + gAd.ixXan^^T^^ = 0 , (71) 


where the second term rehects the gravitational effects. By requiring the derivatives in the 
second equality to be gauge covariant for the spin gauge symmetry, the conservation law for 
the fermion vector currents can be rewritten as 


^ gAXXa^^.i^^T^^) + gA Vm = 0 , (72) 

which can be proved to be held directly by applying for the equation of motion of the fermion 
held in Eq. flSTl) . 

We then come to the conclusion that in the presence of gravity the conservation law for 
the fermion vector currents due to internal gauge symmetry holds when the gravitational 
ehects are included. 


B. Conservation laws for spin and scaling gauge invariances 

Similarly, for the spin gauge symmetry, we can show the following identity from the 
equation of motion for the spin gange held: 


= xr^'r' vm V. + dMxr^'r''')n^ 


ah 


+ d,{xr^ ) V. + d.{xr^ r'') v, 
= = 0 , 


ab 


where the symmetric and antisymmetric properties lead to a cancellation for all terms. 

As the spin gauge £eldQ“^ and gravifield are introduced simultaneously to ensure 
the spin gauge invariance for the gauge theory of gravity, the tensor current and the 
gravifield current are generally correlated. It is not difficult to show that from the 
dehnition of the tensor current the conservation law for the spin gauge invariance can 

be expressed as follows: 

Vm J\b = ^ + \j{ah] - (^Egs4>‘^X{x/'^^,ub “ Xb'''^,.ua)Xc'' = 0 , (73) 

with the definitions 

j[ab] — JaXfJ,b J^Xfia ■ (74) 

It will be shown that the tensor corresponds to the spin angular momentum tensor, and 
J^ab] is related to the energy-momentum tensor. 

For the local scaling gauge symmetry, from the equation of motion for the Weyl gauge 
held Wfj,, it is easy to show that 

which leads to the conservation law for the bosonic current 

= d,{xr^ct>d,(t> + cxwX^"r^'r^'Xu^G,'u'a) = o . (75) 

We now come to discuss the bicovariant vector current, as the graviheld x^ behaves not 
like the usual gauge held. From the equation of motion, the gauge and Lorentz covariant 
derivative to the current is given by 

(Vm - 9wW^)J/ = aw{V^. - - 9wW^){4>‘^xX^^'x'"''' G^.>u'a ) 

= ^<^w^‘^x{9s'n^ya - 9w'^^,uVa)x^^'x'''''G^l'u'b , (76) 

which shows that such a dehned bicovariant vector current is not conserved homogeneously. 
It may not be difficult to understand with the fact that the graviheld is actually introduced 
as an accompaniment of spin and scaling gauge helds to ensure the spin and scaling gauge 
symmetries of the action. It will be demonstrated below that the bicovariant vector current is 
related to the energy-momentum tensor and an alternative conservation law for the graviheld 
current results from the conservation of the energy-momentum tensor. 


C. Energy-momentum conservation in the QFT of gravity 

So far, we have discussed the conservation laws concerning gauge symmetries in the gauge 
theory of gravity. As such a theory is built based on the framework of relativistic QFT in 
the hat Minkowski spacetime, which implies that the diherences of the spatial coordinates 
or time coordinates can, in principle, be measured by the standard ways proposed in special 
relativity. This allows us to make a meaningful dehnition for momentum and energy as well 
as angular momentum. 


Let us first investigate the conservation law under the translational transformation of 
coordinates ^ x ^ + a^. The variation of action is given by 

= J d^xdf,{%>^)a'' = 0, 

where the surface term has been ignored as all the fields are assumed to be vanishing at 
inhnity. For arbitrary displacement a^, it leads to the well-known energy-momentum con¬ 
servation 

d,%>^ = 0 (77) 

with the energy-momentum tensor 

- V^uX^ + + H.c. ] 

- xr^'rVl'A^i + 

+ awXX^^'x^‘'(p'^Gt,'paduXj' + XX^^'dp'^du^ - 2aEgsX(p‘^x/Xb^du^f ■ 

Note that such a form of energy-momentum tensor is not explicitly gauge-invariant under 
gauge transformations. To obtain a manifest gauge invariant energy-momentum tensor, it 
is useful to take the equations of motion for the gauge helds. By adding total derivative 
terms and adopting the equations of motion for the gauge helds Afj_, hF^, and the 
energy-momentum tensor is found to be 

T;'" ~ 2{-r]flx^+^XX/[i^Y'I^u^+ + H.C.] 

- + Wp,pW,^ - awct>‘^G^p,pGu.a] 

+ XX^^'dp'(t)du(i) - } 

+ d^{xr^'r^{:Fl,^Ai + + yVp'pW ,)} 

+ d„{ aw4>^XX^^'x''''Gp'paXj' - ‘2aEgs4>^XX''''x^‘'^yab } 

where the total derivative terms become vanishing in the derivative form dp(T^^) due to the 
antisymmetric property. Thus, the gauge-invariant energy-momentum tensor reads 

- Xr'^'rVl'pJ^L + K'p^---b + - C^w4>"Gp'pGuaa ] 

+ XX^^'dp'(j)d^(j) - 2aEgsX(l>‘^Xa^T^‘iXb^ (78) 

Note that the gauge-invariant energy-momentum tensor Tpu is, in general, not symmetric 

Tp,y^%p. (79) 


Even if freezing out the gravitational interactions, the energy-momentum tensor for the 
fermionic helds remains asymmetric though the energy-momentum tensor for gauge and 
scalar helds becomes symmetric. 


D. Conservation laws under the global Lorentz and scaling transformations 


Let us now discuss the conservation law under the global Lorentz transformation of 
coordinates. For an inhnitesimal transformation x'^ = + 6L^^x'^, similar to the energy- 

momentum conservation of translational invariance, we arrive at the following conservation 
law for the Lorentz transformation invariance 


= 0 , 

with the dehnitions 


(80) 


If = T f r -T 

^ nrr * n ^ CT ' n 


pa 
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P 1 


T[po-l — 


= r' 

p 


'Va'a-T/r]p> 


P ’ 


(81) 


where corresponds to the orbital angular momentum tensor of spacetime rotation. As 
the energy-momentum tensor T is not symmetric, the orbital angular momentum tensor 
is, in general, not conserved homogeneously, i.e., dpL^p^ ^ 0. 

On the other hand, by formulating the conservation law of the spin gauge invariance in 
terms of the covariant form in the Minkowski spacetime, we obtain the following expression 
for the conservation law of spin gauge invariance 


9,.sv + Vi - xi + x; v^x,") 

-2aEj,/x(x„'‘K„„,“ - Xi'P-^„a)x^XfXi = 0. (82) 


with the dehnitions 

SV = S'‘„A';x,‘ = 9.XXc'‘|4’{7‘‘ Ix/x,*. 

7[pa] = J[ah]Xp^Xa = Tp ^Xpa “ % ^Xpp • (83) 

In dehning the antisymmetric tensor held 7[po-], we have introduced the symmetric tensor 
held 


Xpu = XpXuVab , (84) 

which is dual to the symmetric tensor held given in Eq. dSOj) . 

Let us introduce a total angular momentum tensor 

JLV ^ LV + SV , (85) 

with and being the rotational and spinning angular momentum tensors, respec¬ 
tively. By combining the conservation law of Lorentz invariance Eq. flHTl) with the conserva¬ 
tion law of the spin gauge invariance Eq. (l82l) . we obtain a new form of conservation law: 

- (Tm - Vi) - S'‘.,(V„X/ xJ‘ + x/ v^x„‘) 

-2aEj..).^x( W*' - Xi.'Va') Vx/x.'' = 0, (86) 

which shows that in the presence of gravitational interactions the total angular momentum 
tensor dehned above is not conserved homogeneously, i.e., dpj^p^ ^ 0. 

When turning the spin and scaling gauge symmetries into global Lorentz and scaling 
symmetries, i.e., all the quantum helds relevant to the gauge theory of gravity will be 
absent. 


0 5 Xa Va^ 5 


hFp^O, 


( 87 ) 


we get the following relations: 


3^SV = -T[h (a„LV = T|,„,) , (88) 

where the conservation law of the spinning momentum tensor is governed by the asymmetric 
part of the energy-momentum tensor ( which is seen to have an opposite sign in comparison 
with the conservation law of the angular momentum tensor). As a consequence, we arrive 
at the conservation law for the total angular momentum tensor: 

= 9„(LV + SV) = 0. (89) 

which reproduces the result for the gravity-free theory in the Minkowski spacetime. 

We then come to the conclusion that in the presence of fermion held, the energy- 
momentum tensor is, in general, asymmetric, neither the angular momentum tensor nor 
the spinning momentum tensor is conserved homogeneously due to the asymmetric part 
of the energy-momentum tensor, and only the total angular momentum becomes homoge¬ 
neously conserved due to the cancellation in their asymmetric part of the energy-momentum 
tensor. 

For the global scaling invariance, we obtain the following conservation law: 

with the dehnitions 

r = r,v = r/, (91) 

where represents a scaling current and T = is the trace of the energy-momentum 
tensor. As the integral J x(Ax) £(Aa;) is independent of A, the differentiation with 
respect to A at A = 1 leads to the following identity: 

which results in the conservation law: 

- r = 0 . (92) 

When the energy-momentum tensor becomes traceless, T = 0, for the case that the scalar 
held is freezed out in the gravity-free theory, one then yields the homogeneous conservation 
law for the scaling invariance: 


a^r^ = o. 


(93) 


E. Equation of motion and conservation law for gravifield tensor 

From the dehnition of the bicovariant vector current shown in the equation of motion for 
the graviheld given in Eq. fISS]) . we observe the following relation between the energy- 
momentum tensor and the bicovariant vector current for the graviheld: 


n- ^ Y “ 7^ 

> 1/ Ai/ '-'a ) 


( 94 ) 




which enables us to obtain the equation of motion for the gravifield in connection directly 
with the energy-momentum tensor 



(95) 


which is a general gravity equation alternative to Einstein’s equation of general relativity. 
Here we have introduced the following definitions 



Here may be referred as the gauge-invariant gravifield tensor and as the gauge- 
invariant gravifield tensor current. 

In light of the energy-momentum conservation d^Tp^ = dp{JfiXp°') = 0) ^6 come to the 
following conserved current 



(97) 


0 , 


'p'v'a 


which is considered to be an alternative conservation law for the gravifield tensor current. 

VI. GRAVITATIONAL GAUGE SYMMETRY BREAKING AND DYNAMICS OF 
BACKGROUND FIELDS 

In establishing the gauge theory of gravity, we have postulated the spin and scaling gauge 
symmetries and introduced correspondingly the spin gauge field Q.^p{x) associated with the 
essential gravifield and the scaling gauge field Wp{x) as well as the scalar field 0(x). 

These fields are, in general, massless without considering gauge symmetry breaking. Based 
on the fact that these particles are not yet observed experimentally, it happens that either 
they are very heavy or their interactions are very weak. To generate massive spin and scaling 
gauge fields and study how weak the gravitational interactions are, we shall take into account 
the gravitational gauge symmetry breaking and the evolution of the Universe. 

A. Gravitational gauge symmetry breaking 

As the scaling gauge symmetry is directly related to the mass scale, its gauge symmetry 
breaking can be analyzed by making a special scaling gauge transformation to fix the local 
scaling gauge symmetry, for instance, by choosing a gauge-fixing condition, so that the scalar 
field (j){x) is rescaled to be a constant mass scale. Let us consider a special scaling gauge 
transformation = l/a^{x), which leads to 


<P(x) -» 4j'(x) = {„(i)(4(x) = 4j(x)/a^(x) = Ms , 


(98) 


with Ms being regarded as the basic scaling energy scale for fixing the scaling gauge trans¬ 
formation. 

On the other hand, one can always choose an alternative gauge condition to fix the scaling 
gauge symmetry, so that the determinant of the gravifield y = det Xp is rescaled into unity: 


X{x) x'{x) = = 1 a^{x) a(x) = ^^(x)a^(x) = x^^*(x)a^(x). (99) 


In such a fixing gauge condition x = detx^“ = 1, the scalar field can be written as the 
following general form- 

(j){x) = Msa{x ), (too) 

which will be shown to be a useful choice for discussing the gravitational gauge theory within 
the framework of QFT. 

Let us now discuss the gravitational gauge symmetry breaking under the scaling gauge¬ 
fixing condition x{^) = 1- We shall make a reliable postulate that the gravitational gauge 
symmetry is broken down in such a way that the theory still possesses a global Lorentz 
symmetry. With this postulate, we are led to the following simple background structure: 

(x/(a;)) = , (0(x)) = ip{x) = a{x) Ms , (W^) = w^{x ), 

(^(x))= 0 , (?/;(a;)) = 0 , {Al{x)) = Q, ( 101 ) 

where <p(x)(a(x)), oj^{x), and w^{x) are the gravitational background fields. 


B. Equations of motion and dynamics for the background fields 

To analyze the properties of the background fields, we shall find solutions of the back¬ 
ground fields and w{x) by solving their field equations of motion. 

Let us first check the field strength for the background fields. The field strength for the 
background spin gauge field is found to be 

. ( 102 ) 

It is then not difficult to yield the following results: 

R = VaVbRfu = + gs(^i,(^^) , 

RfuRab = + Sd^u^d^LD" + 24:gs{df,u>" + gsUJi,u^)oJuOj ‘'. (103) 

The field strength for the background gravifield is simply given by 

, 0^ = g^Uf, - g^w^ , (104) 

and the field strength for the background scaling gauge field has the usual form 

- di,Wf,. (105) 

The corresponding Lagrangian for the background fields reads 

C = —{dpOj'^Y ~ ‘2dpUJ„d^uj'^ — GgsOpU^u^u"^ + 

+ ^dp^pd^if + QaEgsi.dpUf’ + gsUpUp)if - Xs^p^ , (106) 


where we have used the definitions 


dpUp = {dp - gsUJp)ujP , 
dp(p = {dp - gwWp)(p . 


( 107 ) 


From Eqs. fl58l) - fl6^ . the equations of motion can be written as follows: 

[ —dad'^Ul^ + + 2gsOO^daOj‘^ — ‘igsOj’^d^OJa + 2g‘loj„Oj'^ljJ^ 

+]^awgs^^^‘^ + aEgsd^if - 2aEgl(^^if 

+ [d^dPojP - 2gsUif,d'"LJP - gsOJ^d'^u)^ - gsOj'^d^oj'^ = 0 , (108) 

for the background spin gauge held (Q“^(x)), and 
g’l^awd^i^'^^p) - r]paw[dP{^'^^p) + 

= —g'p^dpOJad^oj'^ + 2gsdpOj''oJaOj'^ + ?>gl{u}fjU}''Y — 

-gp,aEgs{.dpUp + 2>gsUpU^)if - g^lWp^W^'' - d^^pdpip - 2aw^''^p^‘^] 
gp2\^dpUjQ-dpUJ ~\~ (^dpUJp^ ~\~ dpOJp^dfjOJ duOJp^d oj^ ~\~ 2gg(^dpUJp dpUp^uj^jUJ ] 

+g^pAaEgs^‘^dPup - g^C , (109) 

for the background graviheld (x^“(^))- Here we have adopted the dehnition 

dP{^'^VLp) = {d^ - g^wP){^‘^VLp). 

The equations of motion for the background scaling gauge held and scalar held are given 
correspondingly by 

= -g^q)d^(p - ( 110 ) 

and 

{dp + g^Wp)d^ip = + l2aEgs{dpd:^^ + gs^Opdo^)^ - . (Ill) 

It appears difficult to solve exactly the equations of motion. Especially, the equations of 
motion for the background graviheld and spin gauge held look more complicated. To simplify 
the equations, let us make a rational ansatz that the conformally covariant derivative dehned 
in Eq. fll07p for the background scalar held vanishes 

d^(p = 0, i.e. gwWp{x) = dp\\np{x), Wpy = Q, (112) 

which indicates that the background scaling gauge held w{x) is a pure gauge held and 
solely determined by the background scalar held '^{x). In other words, such an ansatz is 
equivalent to the postulate that the background scalar held has a vanishing conformally 
covariant kinetic energy. From the equation of motion Eq. flllOp for the background scaling 
gauge held, such an ansatz leads to the following relation 

Gpu = 0, i.e. gsd:p{x) = g^Wp{x) = dp\n(p{x ), (113) 

which shows that the background spin gauge held is also governed by the background scalar 
held. 

Applying the above ansatz and relation, i.e., gsOjp{x) = gwWp{x) = dp\nip{x), to the 
equations of motion Eqs. (110811 and (110911 as well as Eq. dllip for the spin gauge held and 
graviheld as well as background scalar held, we arrive at the following simplihed equations 
of motion, respectively: 




( 114 ) 












and 


[2d^ipd>^ip - ifdf, 

[2df,ipdu(p - 

as well as 

?,aEdl^p{x) = 


+ 3aE(pdl(p - = 0 , 

(115) 

dufi]=0, 

(116) 

= As(p^(x). 

(117) 


The above four equations are actually not independent. Equation (11141) can be obtained 
from Eq. flllTI) . while Eq. flllSp can be derived from Eqs. (11161) and (I117p . Equation (lll 6 p is 
equivalent to 


2d^ipdu(p = , i.e. = 0 , 7 ^ 3a|, (118) 

which shows that the covariant derivative for the background held a)^(x) also vanishes. Thus, 
taking Eqs. dllSp and (I117p as independent equations of motion, we arrive at the following 
exact solution for the background scalar held: 

= —7’ = (119) 

Here is regarded as a constant cosmic vector With the cosmological mass scale m^. as is 
a constant parameter. For nonzero constants aE and A^, we obtain the following relation: 

As = QaEa^g . (i-20) 

It is noticed that the equations of motion possess a mirror symmetry of Z 2 : 
and also the rehection symmetry of spacetime: x^ —)> —(p(x) —)> (p{—x). The solution 
is actually invariant under the transformation: x^ —?> —x^, —?■ Thus, there are, in 

general, four solutions for the background helds: 

<^i5(x) = ±^^±{x) = ± - -r , (121) 

0 : 5(1 =FX^K^) 

which all satisfy the equations of motion. 


VII. GEOMETRY OF GRAVIFIELD SPACETIME AND EVOLUTION OF 
EARLY UNIVERSE WITH CONFORMAL INFLATION AND DEFLATION 

To understand the evolution of the Universe, we shall study the geometry of gravi- 
held spacetime. Obviously, the background structure after gravitational gauge symmetry 
breaking forms a background gravifield spacetime. With the solution obtained above for the 
background scalar held, it enables us to explore the properties of the background gravifield 
spacetime and the evolution of the early Universe. 





















A. Line element of gravifield spacetime and scalinon field 


Before discussing the background gravifield spacetime, let us first define a spin and scaling 
gauge-invariant line element in the locally flat gravifield spacetime with the gravifield basis 


= ( 122 ) 

where the multiplying factor is given by the scalar field, which ensures an 

invariant line element under both the local and global scaling transformations. 

In light of the coordinate basis in the fiat Minkowski spacetime, the above invariant line 
element can be rewritten as 

ll = al{x) VabXfI'{x)Xu\^) dx^dx’' = al{x)xt,u{x)dxf^dx ’', (123) 

which sets a conformal basis with a^(x) as a conformal scale field, where we have introduced 
a tensor field in the fiat Minkowski spacetime 

Xt^u{x) = Xff'{x)Xu\x)Vab , (124) 

which defines a Lorentz covariant metric tensor field and is referred as a gravimetric field 
for short and convenience. Such a gravimetric field characterizes the geometric property of 
the gravifield spacetime. 

One can always make a scaling gauge transformation to choose a special scaling gauge 
condition, for instance, by taking the scaling gauge transformation, a^(x) —)■ a®(x) = 
fa{x)a^{x) = 1, x/(x) xj“(a;) = ff^{x)Xff{x) = a^{x)xf^{x), so that the line element 

can be expressed as follows: 

ll = al{x)x^,u{x)dx^^dx’' = x^Ax)dx>^dx '', y® (x) = X^''{x)Xu\x)r]ab ■ (125) 

Such a choice of the gauge-fixing condition yields an Einstein-type basis in the fiat Minkowski 
spacetime of coordinates. 

On the other hand, by making an alternative special scaling gauge transformation, i.e., 
a^{x) au{x) = x^/^(a;)a^(a:), xf^ix) X^°'{x) = X~^^^{x)Xff^{x), we arrive at a specific 
line element 


= a\{x)Xf,u{x)dx^^dx'' = a‘fj{x)x^^{x)dx'"dx'' , 

X^uix) = X^''{x)Xu’’ix)Vab , X^ = det x^^ = 1 (126) 

which sets another basis for the gravifield spacetime. We may call such a basis a unitary 
basis . 

For a convenience of expression, we will omit in the following discussions the label “t/” 
for all the quantities in the unitary basis and express the line element as 

/2 = a^{x)x^,v{x)dx^^dx ''; y = det = 1. (127) 

It will be shown that the unitary basis is a convenient and physically meaningful basis for 
considering a quantum effect within the framework of QFT. The resulting conformal scale 
field a{x) or the corresponding conformal scalar field (t){x) = Msa{x) reflects directly the 
physics degree of freedom in the unitary basis; we may call such a scalar particle 4>{x) a 
scalinon particle that characterizes the conformal scaling evolution of the early Universe. 


B. Background gravifield spacetime and cosmological horizon 


The background structure after gravitational gauge symmetry breaking has been found 
to have the following form in the unitary basis (y = det = 1): 

{X^‘(x)) = Xif(x) = ri ‘, {<t,(x)) = ip(x) = a(x)Ms , 

(n?(x))=j;'>)l.?'a'ln^(x), (W',.) =9-'9,.ln^(x). (128) 

Such a background structure forms a background gravifield spacetime with the line element 

(/J) = M~‘^{(ffi{x)7]ab = afi{x) dx^dx '', (129) 

which coincides with a conformally flat Minkowski spacetime governed by the background 
conformal scale held d{x). Such a background graviheld spacetime is distinguished from 
the globally hat Minkowski spacetime that is introduced as the inertial reference frame of 
coordinates. 

Let us now demonstrate the property of the background graviheld spacetime from the 
solutions of background helds. d{x) is determined by the solutions of the background scalinon 
held (p{x) in the unitary basis divided by the basic scaling energy scale Ms'- 

Tfi 1 

d{x) ±a^±(x) = ±(f^±{x)/Ms = ±—^ . (130) 

asMs 1 =F 

The line element is invariant under the global Lorentz and scaling transformations 

xV = IV^ 

x^ ^ x^ = X~^x^ , ^ k'ij^ = XKfx , d{x) d'{x') = Aa(x). 

As the scalar product x^k^ is a Lorentz- and scaling-invariant quantity, we are able to dehne 
a conformal proper time rj as follows: 


x^K^ = kcrj, (131) 

where k is regarded as a conformal proper energy scale and c is the speed of light in vacuum. 
In general, rj and k are allowed to obey a diherent conformal scaling transformation 

T] ^ rj'= X~'^ rj, k—)-k' = A"k, (132) 

with a a constant parameter. Thus, the usual Lorentz time component x^ = ct can be 
expressed in terms of the conformal proper time rj 

0 X ^ i _ 1/ i\ 

X = ct = - CT] - X = - [Cr] — UiX ) , 

Kq Kq Uq 

Mo = — , Ui = — , (133) 

K K 

and the inhnitesimal displacement dx^ of the Lorentz time component is replaced by 

dx^ = cdt = — [cdr] — Uidx^). 

Uq 


( 134 ) 



The conformal scale field is rewritten to be 


Tfl 1 

a{x) ^ a(r]) ^ ±a^±{r]) = ± —^ 7 —r—, (135) 

asMs Kcrj 

and the line element can be expressed as follows: 

(/^) = a^{rf)x^iudx^dx'', = (cr;, x*), (136) 

where x^ denotes the coordinates with the conformal proper time rj and Xij.^ is the corre¬ 
sponding background metric for the background graviheld spacetime: 


- - J_ ^ \ 

V “oXp J 


UiUj 

Xij — Vij ^ ^ ) 

Uq 


(137) 


which is, in general, nondiagonal. 

One can, in principle, choose a special reference frame and conformal scaling factor so 
that Ui = 0 {Ki = 0) and k = = kq and uq = 1, which is known as the comoving reference 

frame that can be made by a Lorentz and conformal scaling transformation. Namely, only 
by hxing the Lorentz transformation and conformal scaling condition to be the comoving 
reference frame can one yield an isotropic and homogeneous background graviheld spacetime: 


(/^) = a?{rj)ri^ydx^dx'^ = a^{t)ri^ydx^dx^ , (138) 

where rj coincides with the comoving Lorentz time, i.e., rj = t. 

We now turn to the background conformal scale held which has a singularity when the 
conformal proper time or the comoving Lorentz time approaches to the epoch given by the 
inverse of the conformal proper energy scale 

r]^r]^ = ±\, a(r]) ^ a±{r]^) = 00 , (139) 

CK 

which leads the conformal size of the background graviheld spacetime to be inhnitely large. 
The light-traveled distance from r; = 0 to r; = is given by 


^ 1/k, 


( 140 ) 


which dehnes the cosmological horizon in the background graviheld spacetime. 

In conclusion, the background gravifield spacetime is a conformally hat Minkowski space- 
time, which is described by the cosmic vector with the cosmological mass scale = 
■s/iLfkF. Such a background graviheld spacetime is shown to be characterized by the con¬ 
formal proper time p = x^K^/ck with the cosmological horizon = 1/k at which the 
conformal scale factor a{p) becomes singular. 


C. Evolution of Early Universe with conformal inflation and deflation 


To describe the evolution of the Universe in the background graviheld spacetime, it is 
useful to introduce a cosmic proper time r via the following dehnition: 


dr = a{p)dp , a{p) ±a«±(r/) = ±—v— 

asMs Kcp 


± 


1 

asMs 1 =F cp/ 


( 141 ) 







Performing the integration, we arrive at the relation between the conformal proper time p 
and the eosmic proper time r 


= , —oo < cp < Lk, , —oo < T < oo , 


1 — kcp 


1 — kcp 
1 

1 + kcp 


= < cp < oo , —oo < r < oo , 


= , —oo < cp < —Lk , —oo < r < oo , 


_ ^ = ±e , —Lft < cp < oo , —oo < r < oo . 

1 + KC?7 

The conformal scale factor in light of the cosmic proper time is given by 

a(T) -» ±a„±(T) = ±506^""" (or T Ooe’f"*"), So = k/H^ = C/L^ , 


( 142 ) 

( 143 ) 


with the definition 


= asMs — , 


1 


( 144 ) 


Here is regarded as the primary cosmic energy seale and as the primary eosmic horizon. 
In obtaining the above relation, we have used the conventional integration condition for the 
conformal scale factor a{r] = 0) = a(r = 0). 

It is interesting to notice that it needs to take an inhnitely large cosmic proper time 
T ^ oo for the light-traveled distance closing to the cosmological horizon cp ^ L^. The line 
element in terms of the cosmic proper time reads 

(^x) = gf,u{T)dx^dx''] f^ = (cr,x*), (145) 

with the metric tensor 


dfj.i' 


.T = 


Un 


-alT Ui 


a^fr 


a[T) Uj 


9ij Vij T 


UjU 


‘3 


Un 


(146) 


The metric of the background graviheld spacetime is, in general, not isotropic in terms of 
the cosmic proper time r. Only in the comoving reference frame with Ui = 0 and uq = 1, i.e., 
the cosmic proper time r is correlated to the eomoving Lorentz time t, does the background 
graviheld spacetime become isotropic and homogeneous with the line element 


(/^) = c^dr'^ + a^{T)pij dx''dx\ 


(147) 


which produces the well-known form of Friedman-Lematre-Robertson-Walker (FLRW) met¬ 
ric for characterizing the inhationary [a(r) = or dehationary [a(r) = 

expansion of the Universe as the time arrow from past to future. In other words, only in 
light of the eosmic proper time r, does the background graviheld spacetime appear to be a 
conformally inhationary or dehationary Universe. 


VIII. QUANTIZATION OF GRAVITATIONAL INTERACTIONS IN UNITARY 
BASIS AND QUANTUM INFLATION OF EARLY UNIVERSE 

Let us now discuss the quantization of gravitational gauge theory based on the background 
structure of graviheld spacetime after the gravitational gauge symmetry breaking. As a 
direct consequence, we demonstrate how the quantum ehect causes the inhation of the early 
Universe and leads the inhationary Universe to end at the epoch when the scaling symmetry 
is broken down spontaneously in a quantum induced ehective background scalar potential. 







A. Quantization of gravitational interactions in unitary basis 


Based on the background gravifield spacetime characterized by the conformally flat 
Minkowski spacetime, the quantized helds are expressed as the following forms in the unitary 
basis 


X/ = X/ + h^^{x)/Mw , x/ = , 

(t){x) = (p(x) + ^{x ), (p{x) = Ms a(x), 

af{x) = + nf{x) = rf^yix) + H'^'ix'’(x)IM„ + nf(x ), 

W^{x) = w^{x) + w^x{x ), gwW^x{x) = Qsix^xix) = dfx\n(f{x), (148) 

with the dehnitions 


= - y '’v“ 

A/i,p \'^J Ap, A p Ap A p 

= V’h-'vVp 


= (xl;‘'(^)) + = ’<1?'. 

- %‘h\ + r,;h% - (- 1‘J'K y’^«' • 


= Va - K{x)/Mw = - K{x)/Mw + 

/ _i\n.—1 

n=l W 


(149) 


where we have introduced a weighting energy scale My/ to make the quantized graviheld 
h^{x) dimensionful. Myy may be hxed via the normalization of the kinetic term for the 
graviheld and given by the basic scaling energy scale 

= ay/Ml. (150) 

The graviheld must satisfy an additional condition in the unitary basis (y = det x^“ = 1) 


In det x/ = Tr ln( + h^jMy/ ) 


n—1 


0 , 


or 


^ nMy ^ 


n=l 


Va 


r- — 


= 0 . 


(151) 


Before proceeding, we would like to point out that a similar unitary basis was actually 
adopted in Einstein’s original paper to make a signihcant simplihcation for the equations of 
motion. It was emphasized by Einstein that: “if — det g^y (in curved coordinate spacetime) is 
always hnite and positive, it is natural to settle the choice of coordinates a posteriori in such 
a way that this quantity is always equal to unity.” “Thus, with this choice of coordinates, 
only substitutions for which the determinant is unity are permissible. ” “But it would be 
erroneous to believe that this step indicates a partial abandonment of the general postulate 
of relativity. We do not ask : what are the laws of nature which are covariant in face 
of all substitutions for which the determinant is unity? But our question is: what are 
the general covariant laws of nature? ” Obviously, the QFT of gravity described in our 
present consideration based on the spin and scaling gauge symmetries in the flat Minkowski 
spacetime provides an answer to the question that Einstein did not ask. The answer is 
manifest that it is the scaling gauge invariance that allows us to settle the choice of gauge- 
hxing condition, so that the determinant of the metric tensor held can always be made to be 
unity, i.e., x = det x^“ = 1 or — det X/lu = 1- Meanwhile, such a gravitational gauge theory 
is invariant, or laws of nature are covariant, in the face of all ’’substitutions” resulting from 
both the local spin gauge transformations of SP(1,3) and the global Lorentz transformations 
of SO(l,3) for which the determinant is unity. 




In terms of the above quantized fields h^{x), w^{x), and in the unitary- 

basis, the action for the quantum gravity gauge theory gets the following form: 


with 


= j ij) + H-c. ] - 

+ + x‘"''G;„G„Va + - U'P + f)' 

- [aE{^ + ^f - x''''^p^a]9sX/Xb''K^v 

+ GaEgsi^ + ^f[Xa Vm ix’^'^^u) + 9sX^’'^p^9^] 

- 2aEgs{^ + ipfx''''^pX/Gl^ - 

+ -jX^'^lgli.w^.ip + w^,if){wuip + Wyif) - 2g^{(pw^ + w^ip)d^ip] 

- Xb'u:,r^'r’^'G,^.>aRt. - 2x/r'^'[ V.'(x/ch,) - gsU.ab'oJp]R 

- Vp (Xa^’^p) V. - [Xa^ Vp (x"^djp)f 

- r^'r^'G^.a,. V.' (x/^s,) + \x^‘‘r'Gi,dAx'"ix^.) 

+ 2^sX^''5p(x^‘"wpa;^)£h^ - Vp + C'{x ), 


ab 

flU 


(162) 


iDfj, 'idfj, ~\~ “1“ •^p 1 Xp — Xp Xa 

R“^ = a,11“^ - 

fiiy u VC ^ J 

= d^w^ - d^w^ , df,(p = {df, - g^oWf,)ip 
G% = VpXu" - XJvXp = Xpu + asi^pbXj" - KbXp), Xp. = dpXu" - duXp 
^pu = V^x/ - V^x/ = + g^iw^xj" - WuXp ), 

r^'r'^'Q%Q,,Aa = r^'r’^'G%G,>Aa+Ag^r^x:G%w, + Qgir’^w.w,. (153) 

It will be useful to introduce the following notations for the tensors of the gravifield: 

~l“ T~L^i>/M\y , 'H^u H -|- NjM \y f 

H ny hni/ ~\~ hyn , ^UV ^ Hy 7^^^ , h ny Hy TjyQ^ 


^ / _ 1 \T 1—1 

XP" = IMw = J2 ^ Li C^") 

n=l 


flV 


(154) 


Kt = h/ti + tJh" - VKIMw . XT = X"’!): + €K - + iiAK 

and express the held strength into the following form 

GT = (v.v - va;)/m„ + g,(fi>T - !JtV) . 

GT = (VPv“ - V„ftT)/M„. + g„(ig„g/ - uvg/) + g.(!i;,gT - P^g/) ■ (155) 

It is seen from the above quantized action Eq. (11521) that there exist rich gravitational 
interactions with respect to the background helds. Note that, without specifying the back¬ 
ground helds (p{x), ojp{x), and Wfj,{x), the resulting action formally remains gauge invariant. 





Once applying the background field solutions obtained from the equations of motion to the 
above action, all the linear terms of quantized fields become vanishing and the gravitational 
gauge symmetries are broken down to the corresponding global symmetries. 


B. Physical degrees of freedom with massless graviton and massive spinon 


To discuss the quantum effects, it is necessary to know the physical quantum degrees of 
freedom for all the quantum fields. For the Dirac fermion fields and internal gauge fields, 
the counting rule on the physical quantum degrees of freedom is well known. Concerning 
the quantum fields 0(x) appearing in the QFT of gauge gravity 

interactions, the same counting rule should be applicable to figure out the independent phys¬ 
ical quantum degrees of freedom. In general, it should be convenient to work in Euclidean 
spacetime by making a Wick rotation. 

Classically, the gravifield as a bicovariant vector field has 16 field components, 

possesses 24 field components due to the antisymmetric feature (x), 

W^{x) is a gauge vector field with four field components, and is a single real field. 
There are totally 45 components. Before gauge symmetry breaking, they are all massless. 
For the massless gauge fields, only the transverse components are physical quantum degrees 
of freedom. Thus, there are 12 independent physical quantum degrees of freedom for the 
massless spin gauge fieldr2“^(a:), two independent physical quantum degrees of freedom for 
the massless scaling gauge field W^{x) and eight independent physical quantum degrees 
of freedom for the massless gauge-type gravifield When fixing the scaling gauge 

condition to the unitary basis, i.e., y = detx^“(a:) = 1, the eight physical quantum degrees 
of freedom for the gravifield will be reduced to seven. Thus, there are only 22 

independent physical quantum degrees of freedom including the single scalar field. 

After considering the gravitational gauge symmetry breaking with = X^ = 

{4>{x)) = (f{x) = dMs, the leading gravifield dynamical interaction term generates masses 
for the spin and scaling gauge fields: 




+a v’"' + 9s^lbVu gsguiMy^VL^ w^rj^r]^ 




(156) 


with D[^ab] = Vt^ab — ^bafi- ^ indicates that the fully antisymmetric part of the spin gauge 
field fl[fj,ab] obtains masses. Namely, four components of the spin gauge field become massive. 
The spin gauge field gets additional four physical quantum degrees of freedom and possesses 
totally 16 physical quantum degrees of freedom. The massive scaling gauge field has three 
physical quantum degrees of freedom. As the gauge-type gravifield plays the role as a Higgs- 
type boson for causing the spin and scaling gauge symmetry breaking and generates masses 
for spin and scaling gauge fields, its five physical quantum degrees of freedom will be eaten 
by the spin and scaling gauge fields. Eventually, the gauge-type gravifield possesses only two 
independent physical quantum degrees of freedom. To be specific, it is natural to choose the 
following two transverse components of the quantized gravifield = r]'^ + h^{x)/My/'- 

hi 2 {x) = h 2 i(x), hii{x) = -h 22 {x) (157) 


to be independent physical quantum degrees of freedom. 


Let us now carry out an alternative analysis. It is well known that, for a gauge symmetry, 
one can always make a particular gauge transformation to fix the gauge. For the spin gauge 
symmetry, it concerns six free gauge group parameters aab{x) = —aba{x) (a, & = 0,1, 2, 3) in 
the spin gauge transformation S{x) = G SP(1,3), which allows us to rotate away 

six components of the gauge-type graviheld and reduce its 16 components into ten 

components. By appropriately choosing a gauge-hxing condition, such ten components of the 
gauge-type graviheld X^{.x) may be made to be ten symmetric components for the gauge- 
type graviheld Xfl'i.x), i.e., Xfia{x) = Xafi{x). Such a hxing gauge is referred as a unitary 
gauge. When further making a scaling gauge transformation to hx the scaling gauge in such a 
way that the determinant of graviheld becomes unity, i.e., y = det = 1, which 

is shown to dehne a unitary basis for the graviheld spacetime. Thus the symmetric graviheld 
Xf^ix) is constrained to be nine components. As a consequence, in the unitary basis with a 
unitary gauge-hxing condition, the independent physical quantum degrees of freedom for the 
gauge-type graviheld Xfiaix) = -|- h^a{.x)/My/ are counted by the symmetric transverse 

components with a traceless condition 

hij hji , 'y ^ ha 0 , i, j 1)2, (158) 

i 

which comes to the same result as Eq. fll57p . Such a massless quantized transverse graviheld 
hij should be the graviton. 

Before ending this subsection, let us illustrate the gravitational gauge interactions with 
fermions. The gauge-invariant Lagrangian for fermions is given by 

- ^1 (A/ - y V, + H.C. I, (169) 

with the relation 


. ( 160 ) 

It can be seen that the leading spin gauge interaction with fermions is governed by the 
totally antisymmetric components of the spin gauge held fl[^ab], which leads to an axial- 
vector current interaction. We may call such a totally antisymmetric spin gauge held 
a spinon. As demonstrated above, the spinon is massive and its interaction is suppressed by 
a heavy mass. The interactions of the massless graviton are suppressed by the weighting 
mass scale Mw- 

In conclusion, the gauge-type graviheld X/f'i.x) has two independent physical quantum 
degrees of freedom that act as the massless graviton with two transverse polarizations hij. 
The totally antisymmetric spin gauge heldr2[^afe] acts as the massive spinon, which leads to 
a torsional interaction. 


C. Gauge-fixing contributions to quantization of gravity theory 

We shall show explicitly how the gauge-fixing requirement contributes to the quantization 
of gravity theory. In the path integral approach, as both the path integral measure of the 
gauge fields and the action are gauge invariant, the functionally integrating over the gauge 
fields will over count the degrees of freedom. To overcome this problem, a gauge-fixing 




condition is needed. In general, we have the freedom to choose the gauge-hxing condition in 
the path integral method as the gauge-hxing is realized by inserting the delta functions into 
the path integral. Such a formalism was initially developed by Faddeev and Popov jl^. The 
main step of gauge-hxing is to hnd an explicit expression for the Faddeev-Popov determinant. 
Suppose that a gauge-hxing condition is set to be 

^(A^) = 0; (161) 


then the path integral is expressed as 

VA JJ 5(-F(A)) Ap , (162) 

X 

where is the Faddeev-Popov determinant given by 

A^ = detM; Mjk = (163) 

Sak{y) 

with Ok the group parameters. Both the 6 function and the determinant can be expressed 
by the exponential form as follows: 

f VA JJ(5(J^(A)) Aj. = f j)A f JJ 

X k 

Ccf = ~\fV,{A)V^{A) , ^Gs = J dS^^ix)M,k{x,y)^\y) , (164) 

where Cq, -^g/; and Cqs represent the Lagrangian for the gauge invariant theory of gravity, 
the gauge-hxing term, and the Faddeev-Popov ghost term, respectively. Aj? is an arbitrary 
parameter, and are the Grassman variables. 

For the gauge theory of gravity described by the action given in Eq.(jl9]), the relevant 
gauge and tensor helds concern the spin gauge heldQ“^, the scaling gauge held W^, the 
gauge-type graviheld and the tensor held x^’^. The action is, in general, invariant under 

the spin and scaling gauge transformations. To hx the gauge, let us take explicitly the 
following Lorentz-type gauge-hxing conditions: 

Vx = 0 , y/x X^''^/^(|>^^,Xv = 0 , y/x = 0 . (165) 

Note that the tensor graviheld x^'^ = Xa^Xt'V^^^ couples to all interaction terms remains 
invariant under the spin gauge transformation as the spin gauge appears to be a hidden 
gauge for the tensor graviheld x^'^. For that, we shall impose an additional gauge-hxing 
condition: 


y/x (t>d^,Xa = 0 • (166) 

Such a condition is equivalent, from the identity d^Xa — {.dpX^'')Xua + X^‘'dfj,Xua, to the 
following gauge-hxing condition 


y/X\/^<pdf,x^''= 0 , (167) 

which is usually taken as the gauge-hxing condition for a general coordinate invariance. 

We now turn to calculate the Faddeev-Popov determinant. Let us hrst consider the 
inhnitesimal spin and scaling gauge transformations S{x) = ~ l-|-iaaf,(a:)S“^/2 G 



SP(1,3) and ^{x) = ~ 1 + a{x), respectively. The corresponding infinitesimal changes 

of gauge fields and gravifield are found to be 


1 1 

^ -97%a^^ + , 

^Xa - (^aXb^ , ^Xa - ^^Xa , 

5W, = -d,a, 5r'' = ‘2ar\ (168) 

and the Faddeev-Popov matrix elements read off 

M(^ab)(cd) {x, y) = y/x X^^df^l-g^^d^yacybd + ^Vac^udb - ^Vbc^uda ]6'^{x-y), 
M{a){cd)ix,y) = y/xx^''(t>Vad{d^Xyc + Xuc^^7) - y) , 

M[ab){c){.X,y) = y/XVacy/^ (j){d^,Xb^ + Xb^O^) 6^{x - y ), 

M{^a){l){.X,y) = -y/xX^''V^4>Xuad^,6^{x - y ), 

M^i)^a){x,y) = ^/x^^^(i>Xa^^l^'^{x-y), 

M(^i){i){x,y) = -y/xx^'"97^d^du5^{x - y). (169) 


From the above analyses, we arrive at the Lagrangian for the gauge-fixing and Faddeev- 
Popov ghost terms as follows: 

Cai = -x\K, r-r'"' 19,.nf + d^w,d„,w^ ] , 

+x ^xa^XlSTr'"'0,x‘0,,x.'. + 94/9. V"]. 

= -y/x yacVbddu + gsVac^ubd 

-^/x 4>x'"''df,Xucriab{^’’^‘"' - -f- y/x yf^4>d^X^''r]ab'&‘'''Xixc'&’' 

-VxV^HabxA^%r^ - 

-\fx - Vx x^'^'&d^dy'd , (170) 

with = —'9^°' and 79“^ = —11^“ the antisymmetric ghost variables. By making a spe¬ 
cial gauge transformation, i.e., Xf7 X^^^Xf7 (j) —)■ we can rewrite the above 

Lagrangian in the unitary basis y = det Xf7 = 1- 


Ccf = - r''r''''[d^K%'^u'ab + ] , 

+ \xyxa^^^[r^r''^'d,x.^d,,xu'a + d.xT^lrn, 

d^Gs = yacVbddu + gsVac^ubd 


-y/dd7(pr''d,XucVab{^^r^ - + V^H^r'^Vabr^Xua^’’ 

-y/^(j)VabXj'{'d’’d^'d''‘' - 
-^f^(t)Xa^{d)°-d^d - - x^'^dd^d^d , 


(171) 


with the notations 


d^ = d^ + -di. In X , 


dix = di,- -df. In X , 


dn = df,- -d. In X ■ 


(172) 


The gauge-invariant Lagrangian for the gauge theory of gravity in the unitary basis reads 



The total effective Lagrangian for the theory of quantum gravity is obtained by putting all 
parts together: 


(174) 


^eff — + ^Gf + ^Gs ■ 


D. Perturbative expansion and renormalizability of qnantized gravity theory 

It is noticed that the tensor gravifield couples to all kinematic terms and gauge 
interaction terms. Namely, the gravity does interact with all fields and the motion of all 
helds is surrounded by the gravitational interactions, as is determined by the inverse 
of the gauge-type gravifield x^i which causes the nonlinear nature of the theory. To study 
the quantum theory of gravity, it is useful to work out a practically calculating framework. 
Based on the conformally flat background gravifield spacetime = 77 “ in the unitary 

basis, it is not difficult to show that the leading Lagrangian with dimensionless couplings 
has the following form 



4 

1 


- aEgs4>^VaVb'^\ 


ab 


\s4’^ + L'{x ), 


(176) 


with the definition 



For the gauge-hxing and Faddeev-Popov ghost terms, we have 


LGf = - 

+ + ^d.hd^h) , 


Lgs = d^{ ’nacVbdd/x gsVac^bd 

-a{d^h^c + \vf.cd>^h)r]ab{^’’r^ - 


( 177 ) 


with 


= + H = H>^’^T]^, = 2h, V = ^>a, h = hX = h^’'V,. 

Thus the leading effective Lagrangian and effective action are given by 


-^e// — Lq + Lcf + L 


Gf 


^Gs 


^eff - d X Leff , 


( 178 ) 


and the total effective Lagrangian and effective action are written as 

-^e// ~ -^e// + Leff 


(179) 


It is shown that the identihcation of the physical quantum degrees of freedom and the 
dehnition of a quantum gravity theory are similar to the quantization of Yang-Mills gauge 
theory. By decomposing the above leading effective action into a free part and interacting 
part after considering the gauge symmetry braking, one can write down the Feynman rules 
in a standard way. 

The question arises from the nonlinear nature of the tensor gravifield x'^'' for the quantized 
gauge-type gravifield = ??“ + h^/Mw, i.e., 

/_ 1 \n —1 

x/(^) = - KGMw + /V//A4. Y7LT-('>"*')a'‘. 

n=l 

^ / _1 \7T.—1 

= + ^ (180) 

n=l 


which leads to the high dimensionful interaction terms 


Lg 


- Y-fV - iV„'7Mw)| (47“®,.® + h°i V,. V>) + H-C. ] 

ZIVl\Y 

1 [ (ijMF _ I ] 

ZIV1\Y ZIV1\Y 

‘iaEa.4?^[ (K - n/IMwK - l(K - XGMw)^ - n,-/Mw) lK.t 

M\y z 

1 + L\x ). (181) 

ZM\y 


Similarly, one can write down the high dimensionful Lagrangian for the gauge-fixing and 
Faddeev-Popov ghost terms. 

The high dimensionful interaction terms may cause the theory to be nonrenormalizable 
in the usual sense that the divergencies cannot be absorbed into the basic parameters of the 
theory. On the other hand, it has been shown that the graviheld spacetime is associated 
with a noncommutative geometry due to the nonvanishing held strength of graviheld. It 
is conceivable that there exists a fundamental energy scale that characterizes the ultravi¬ 
olet behavior of the theory. In such a case, there is in principle no divergences appearing 
in the theory of quantum gravity, so that the quantum contributions from the high di¬ 
mensionful interaction terms become hnite and meaningful. It is particularly interesting to 
make a detailed investigation for such an expectation. In Refs, j^. , it has been realized 










that there exists a symmetry-preserving and infinite-free regularization and renormalization 
method, which allows us to introduce intrinsically two meaningful energy scales to avoid 
infinities without spoiling gauge symmetries of the original theory. One of the energy scales 
is the so-called characterizing energy scale that plays the role as the ultraviolet cutoff. The 


consistency and applicability of the method have been demonstrated in a series of works [31 


371]. In particular, it has been applied to calculate the gravitational contributions to gauge 


Green’s functions and show the asymptotic free power-law running of gauge coupling [381]. 
More recently, it has been initiated to explore the quantum electroweak symmetry breaking 
mechanism for understanding the hierarchy problem [s^. 


E. Quantum inflation of early Universe 

As has been shown, the background gravifield spacetime describes either an inflationary 
or a deflationary Universe. In any case, the Universe will undergo an extremely rapid 
exponential evolution in light of the cosmic proper time, while it remains unclear how the 
inflation of the Universe occurs and which epoch the inflationary Universe gets end. It is 
hard to make a reliable issue on such a question without considering the quantum effect. 

Let us first check the Lagrangian density and energy-momentum tensor for the back¬ 
ground gravifield spacetime after gravitational gauge symmetry breaking. The Lagrangian 
for the background fields can be shown to have the following form 

= . ( 182 ) 

The energy-momentum tensor for the background gravifield spacetime is found to be 

%u = -r]^u2[dpUj^dPuj'^ + 2gsdpU>'u}„u‘^ - 1 - ] 

-7]pu2aEgs{dpU^ + ^gsU:pQ'')^f - [Wp„W^ - dpipdy^p - 2aw^iSlu^'^] 
-2[dpU^dyU'^ {dpU^ + d^Upjd^u'' - d^Upd^^cD^ + 2gs{dpU^ + d^Up)uj^u'"] 

+AaEgs^‘^dyUp - rjp^C . ( 183 ) 

Under the ansatz that the conformally covariant derivative of the background scalinon field 
vanishes, = 0, which means that the background scalinon field has vanishing conformally 
covariant kinetic energy, we then arrive at the relation gsOJp{x) = gwWp{x) and the vanishing 
covariant kinetic energy for the background gauge fields, i.e., dpU^ = {dp — gsOjp)oji, = 
{dp — gwWp)u}u = 0. It is then not difficult to check that the above energy-momentum tensor 
is conserved. In fact, we yield 


Tpy=G, 


(184) 


which shows that the total energy-momentum of the background gravifield spacetime van¬ 
ishes. Namely, the background gravifield spacetime represents the whole Universe, as it has 
no energy-momentum exchanging with its exterior. 

Let us examine the solution of the background scalinon field under the coordinate trans¬ 
lation in the fiat Minkowski spacetime. 


Xp —)> x'^ = x^ + , 

(p(x) ^ (Pk±{x') = 






as{lTx'>^Kp) as{lTxf^K'p±) 


= y^K'±{x) , 


(185) 







with 




mi^i± 





(186) 


which corresponds to the rescaled cosmic vector and cosmological mass scale, respectively. 
It indicates that the solutions of the background helds in difference reference frames of co¬ 
ordinates under the coordinate translation can equivalently be characterized by the rescaled 
cosmic vector. In other words, the background graviheld spacetime can well be described 
by the cosmic vector 

From the above Lagrangian, it is easy to find the minimal condition for the background 
scalinon held (p(x), which leads to the following relation and a simplihed Lagrangian 


2-2 

9s^u = 


6a E 


-2 2 -2 

cp = agpy , 






(187) 


where the relation between the background vector held and scalinon held is consistent with 
the solutions obtained from the equations of motion given in Eqs. fllldp and flllbp . Thus, the 
minimal of the background scalar potential leads the background scalinon held to approach 


0 , for 6a'^g/gl > Xg = 6a£;Q;| > 6a\gl , 

±cxo , for 6a'^g/gl < Xg = 6aEag < 6a\gl , (188) 


which implies that the Universe characterized by the background graviheld spacetime evolves 
spontaneously, without considering quantum ehect, to be stabilized at an inhnitely small 
conformal size —)■ 0 for a| > aEgl (a^ > Xgg‘l/6) or to be stabilized at an inhnitely large 
conformal size —)■ ±cxo for a| < aEgl («! < Xgg‘l/6). 

Let us now discuss the quantum ehect on the background graviheld spacetime. For our 
present purpose, we are going to demonstrate only a one-loop quantum ehect. It can be 
shown that the leading terms of the ehective Lagrangian for the background scalinon held 
get the following form: 


with 


with 


- f4ii y -■^ui ‘p(x) + (p(x) y 

+ 2Xg( (p(x) + (p(x) )^(p^(x) + fiu (f'^ix) - Xu (f'^ix ), 


^u{Mu/p) 

fxl{Mu/p) 

Xu{Mu/p) 


(47r)2 
~ As 
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Vs {^u - ) 


l2"'5 


/i" 


(dvr) 


(dvr 


vl {^u - ) 


glaE 


Xg + 




M, 




Vs — Vs 6As Cy^g 
A| ^ -12A2 + {2yl ■ 

= As + CsQ:| , 


w ^s9s y 

~ As) Vs + Cy^gt + c'^g 
A| ^ -A^ + c', 


4 

5 1 


(189) 


(190) 


(191) 
















where Mu defines a basic energy scale of QFT in the ultraviolet (UV) region and /i is the 
sliding energy scale reflecting the infrared (IR) property of QFT. The effective parameters 
and \u receive contributions from loops of the singlet fermion field and scalinon field 
characterized by the terms proportional to the parameters Us and A^, respectively. The 
contributions from the scaling and spin gauge fields as well as the scalinon field are given 
by the terms proportional to the parameters Qw and Qs as well as as- The coefficients Cw, 
c^, Cs, c', Cs, and c'^ represent the magnitudes of the contributions, which will be discussed 
in detail elsewhere, as their values do not affect our present general considerations. 

It is seen that the purely quantum-induced effective mass parameters /i^ and J^fj arise 
from the loop quadratic contributions characterized by the UV basic energy scale Mu and 
the sliding energy scale jj, as well as the coupling constants at a given energy scale p. Note 
that it is such a loop quadratic contribution that causes the breaking of the global scaling 
symmetry. It has recently been shown that the quantum loop quadratic contributions can 
play an important role for understanding the electroweak symmetry breaking and hierarchy 
problem within the SM of particle physicsjs^. Similarly, for a quantum-induced positive 
mass parameter /i^ > 0 with |/|, |/| > 0 and /i < Mu, it causes an unstable potential and 
generates the inflation of the early Universe; namely, the Universe begins from an infinitely 
small conformal size (p ~ 0 and approaches to an infinitely large conformal size (p —?■ cxd. 
Once the effective coupling parameters \u and Xu including the quantum loop contributions 
gain positive values Xu, Xu > 0, the effective potential for the background scalinon field is 
broken down spontaneously to an evolving minimal vacuum, which leads the inflationary 
Universe to end at a global minimal. Since the couplings i/s, Xg, gg, gw, and as are all free 
parameters, one can always yield a solution to satisfy the requirements. In general, the 
background scalinon field will get an evolving vacuum expectation value (eVEV) 


Vl{Mu/g) 

VliMu/g^) 




{f) 


/4 

2Af/ 


+ Xgfi^/Xu 

2{Xu — XI/Xu) 

+ T VKMuIp.) , 


(192) 


which makes the inflationary Universe evolve via the minimalizing vacuum state when the 
sliding energy scale runs down. 

The scalinon field not only acts as a quantum field but also characterizes the conformal 
size of the Universe. At the beginning of the Universe with an extreme small conformal size, 
all quantum fields must have a high energy-momentum around the UV basic energy scale 
Mu- On the other hand, the smallness of the scalinon field characterized by the cosmological 
mass scale indicates that a small quantum fluctuation can cause a significant change to 
the magnitude of the scalinon field. Consider the quantum fluctuation to be at the order of 
cosmological mass scale namely, the sliding energy scale is taken to be ~ Mu — m^, 
and the quadratic contribution is given by M/j — {Mu — = 2Mu'mK -|- ~ 2MumK.- 

Thus, the eVEV will be stabilized around 




U5 


Vs{Mu/fi.) ~ 
Vs{Mu/^i.) - 



Vs + Vs^s/Xu 


-A^/A 
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\J2Mum^, 

-I 1/2 


_ , A vl + vl^s/Xu 

(47r) _Xu Xu Xu — X1/Xu 




(193) 


which determines the epoch when the inflationary Universe ends. The corresponding scale 













factor of the Universe is given by 


Oe = {a{x)) 


Ms 


1 

asMs 1- kcrje 


— <2q6 


H^CTe 


(194) 


With the above considerations, we come to the conclusion that it is the quantum effect 
with the loop quadratic contribution that causes the breaking of global scaling symmetry 
and generates the inflation of the Universe; its conformal size is characterized by the eVEV. 
The inflationary Universe eventually ends when the eVEV of the background scalar potential 
reaches a stabilized minimal value. Such an inflation of the Universe may be referred as the 
quantum scalinon inflation. We shall discuss its phenomena in detail elsewhere. 


IX. SPACETIME GAUGE FIELD AND QUANTUM DYNAMICS WITH 
GOLDSTONE-LIKE GRAVIFIELD AND GRAVIMETRIC FIELD 

It has been shown that, when taking the graviheld basis {x“ = as a one-form 

with the gauge potential G^(a;) = in the flat Minkowski spacetime, we have the 

corresponding gauge covariant held strength = V— '^uXfl'i^) which describes 

the gravitational force in the inertial reference frame of coordinates. Therefore, the locally 
hat graviheld spacetime characterized by the graviheld basis {x“} is regarded as a dynamical 
spacetime. The quantization of gravitational helds and matter helds leads to the quantum 
dynamics of the graviheld spacetime. To correlate the quantum dynamics of the graviheld 
spacetime with the quantum dynamics of coordinate spacetime, we are going to settle a 
special gauge condition by utilizing the graviheld in such a way that the spin gauge symmetry 
is transmuted into a hidden gauge symmetry in the bosonic gravitational interactions. Thus, 
it enables us to compare with the Einstein theory of general relativity. 


A. Spacetime gauge field with Goldstone-like graviheld &: gravimetric held 

Let us express the quantum helds in the Einstein-type basis, which is realized by making 
a scaling gauge transformation 

Xlflx) a,^{x)xl^{x ), (j){x) (j){x)/a,^{x ), g^^Wflx) - df,\naflx). 

As a consequence, the quantum helds get the following forms in the Einstein-type basis: 

= aflx)[r]/^ + h^^{x)/Mw] = {a{x) + (p{x)/Ms)[v/^ + h^‘^{x)/Mw], 
x/{x) = a-\x)[r]fl - hfl{x)/Mw] = {a{x) + ip{x)/Ms)~^[v^ + h^^{x)/Mw ]~^, 

X{x) = det x/(x) = a^(x) = (a(x) -F ip{x)/Ms)‘^ , (j){x) = Ms , 

= xipkJ^ix) + Xlf{x ), QsUJpix) = dp In a{x ), 

Wp{x) = Wp{x) + Wp{x ), Wp{x) = 0 , (195) 

where we have omitted the label “U" in all quantities for convenience. 

It is meaningful to construct an alternative gauge held through the graviheld and spin 
gauge held as follows: 


= Xa Vu Xu 


Xa {dpXu + 9s^pbXu) 


( 196 ) 



where the spin gauge symmetry becomes a hidden symmetry and the graviheld appears as a 
Goldstone-like held that transmutes the local spin gauge symmetry into the global Lorentz 
symmetry. The gauge held is a Lorentz tensor held dehned in the hat Minkowski 

spacetime; we may refer it as a spacetime gauge field so as to distinguish from the affine 
connection dehned in the curved spacetime. 

Analogous to the background held approach, let us decompose the spin gauge held into 
two parts, so that they have the following properties under the spin gauge transformation 
g SP(1,3): 

u^{x) u'^{x) = Su^{x)S~^ + Sd^S ~^, u^{x) = , 

ojf,{x) Cb'^{x) = Su^{x)S ~^, u^{x) = gsuf{x)]^T.ah ■ (197) 

Correspondingly, the spacetime gauge field consists of two gauge-invariant parts 

under the spin gauge transformation 

. 

r’Jx) = x’ (9;.X“ + S.<kX*). = 9.x’^ixt. (198) 

where the gauge helds 0 J^{x) and should not be all independent; half of their degrees 

of freedom must be reduced so that the independent degrees of the freedom are compatible 
with the initial ones in 17“^ (x). From the above dehnition, it can be checked that 
rehects an antisymmetric part of the spacetime gauge field with the following relation; 


Xa'a = Xu'u ■ (199) 

Thus let us impose a reasonable condition that TJ^^{x) is symmetric, i.e., = V^^^x). 

As a result, the spin gauge fielda;“^(x) is characterized purely by the Goldstone-like gravifield 
Its explicit form is found to be 


g,uif(x) = x“"xy - y-x;. - x“''x'"x 




per 




Xau = dfxXu - duXx 


( 200 ) 


Here uj^{x) appears as a pure gauge like held. With such a form of a;“^(x), it is not difficult 
to check that gets the following explicit form: 

- ^\X^lu], 

XpiAx) = Xll{x)xy{x)igab , X^''{x) = xfi{x)x^ (x)?]"^. (201) 

r))j^(x) is characterized by the tensor held x^lu{x) [or its inverse X^’^ix)] and appears as a 
pure gauge like spacetime gauge field, x^lu{.x) behaves as a Goldstone-like gravimetric field 
of spacetime and concerns only ten degrees of freedom. This rehects the fact that the spin 
gauge symmetry is hxed by the Goldstone-like gravifield to be as a hidden symmetry. 

From the decomposition of the spin gauge held, the corresponding held strength of the 
spin gauge held is also decomposed into two parts: 
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( 202 ) 


By using the relations and identities between the gauge covariant spin held and the spacetime 
gauge held 


g.uf(x) = x:rux)r'- = , 

dfxXu + Qs^^lbXu - ^lui.x)Xa = 0 , 

+ gsOO^X^^ + T%{x)r^ = 0 , (203) 

it is not difficult to demonstrate that the held strength for the spin gauge potential 
is related to the held strength which is characterized solely by the spacetime gauge 
potential Explicitly, we have 
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Similarly, we yield the following relation between and 
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p IT V7 _ V7 _ F^ F®" _L F”^ F'^ 
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(205) 


In terms of the spacetime gauge held, the held strength of the graviheld is found to be 
Glu = VpXu" - VuXp" = dpXu" - duXp + gsiKbXu - KbXp) 


= - Kp)x: = Ku - Kp)x: ^ ~^[pu] x :, 


(206) 


where dehnes a totally antisymmetric spacetime gauge held. 

In general, the held strength for the spin gauge held can be represented by the held 
strength of the spacetime gauge held as follows: 


gsRfu 


2 P’^p 
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ap' '/ ’ 


(207) 


which shows a hidden gauge formalism. 


B. Quantum dynamics of spacetime in the hidden gauge formalism 

In the hidden gauge formalism with the spacetime gauge held and corresponding held 
strength, we are able to reformulate the action for the gravitational interactions with spin 
and scaling gauge symmetry breaking into the following general form in the Einstein-type 


basis: 


= j + '<Px^L^Vu'lp) + H.c.]-ysMs^^l) + C'{x) 

- lr‘‘'x-''lKHv + 

+ awM^x^^ X(Ta'^[fj.u]^[fj.>u'] + 9(3 + —)9wW^iWfj^/] 

^ { -xy -C-PP' r,Pr,P' \n 

X xXcFcr'X VaVa' )^P^P'' [/^'i^'] 

+ aijMK 1 - xP^UpU^/aEM'^)R - 

+ gJ^iVa'l^a - 9s(^a'(^a W ') 

+ 97X(x„'r"' - €^6)r‘‘'r''KJi‘y'px - r^'x‘'‘''RUix,. v„. is, 

+ 6aE9sMs{ x^'^ Vm + 9sX^''^^tx^^u ) - 3g^( X^^'^fx^vf 

- 2x^^'x'''"' {XJ^x(X^u){X7ix'i^u') - ix^"' Vm 

+ ‘ 29 sX‘'''dp{x^'^CUpU^)uj^ - AgsX^‘'{\/pU^) } (208) 


with 


X /— dp^uji; r^j^cUfj, (209) 

where the spacetime gauge field and its held strength R^^p consist of two parts: 

rpj/(a^) = rpy(3^) + rpj,(a;), Rp^p = Rp^,p + R^^^p , (210) 

with the rank-2 tensor held strength and the scalar tensor held strength R dehned as 
follows: 


^fiix = —Rppyhff — Rpcn/ — dipu + R/ij/, R — X^‘'^^J.u — R + R, 

R,. = dpK^ - = R^p , r-, = d, in x, 

R^iV = Vpbj, — Vo-Tpi, — TpyT^p + r^j^rpp , ^au = ^U = ^XuaXb 9sX!'^^ , (211) 

where R^i: is a symmetric rank-2 tensor held strength characterized purely by the symmetric 
Goldstone-like gravimetric held Xixu- The above action possesses a global Lorentz and scaling 
invariance except for the fermionic interactions. It is manifest that after the gauge symmetry 
breaking (Xfiu) = Vfiu, the totally antisymmetric spacetime gauge held and the scaling 
gauge held Wp{x) as well as the singlet fermion become massive in the Einstein-type 
basis. 

The gravitational interactions can be described by the antisymmetric spacetime gauge 
field ^pfix) with ^pfix)xa'cr = Xu'u and the symmetric Goldstone-like gravimetric 

field Xfiu except for the fermionic interactions that always couple with the graviheld (where 
we have used the notation Xfi = Xfila)- Though the gravitational gauge symmetries become 
hidden ones in the bosonic gravitational interactions, the independent physical quantum 
degrees of freedom in terms of the quantized helds should be the same as the gauge theory 
of quantum gravity analyzed in the previous section. 

Therefore, in terms of the hidden gauge formalism, we come to the conclusion that all 
the bosonic gravitational interactions can be characterized by the symmetric gravimetric 


field with ten independent field components and the antisymmetric spacetime gauge 
held that has the same independent held components as the spin gauge held. It is manifest 
that the six independent held components of the gauge-type graviheld are reduced in 
the hidden gauge formalism for the bosonic gravitational interactions, which enables us to 
compare the bosonic part of the above action with the Einstein theory of general relativity. 
It is noticed from the above action that there is an interaction term given by the scalar tensor 
held strength R = x^’^R^u = R + R- Here the hrst part of the scalar tensor held strength 
R does characterize the Einstein theory of general relativity as it is governed purely by the 
gravimetric held Xt^iy- Nevertheless, the fermionic interactions always involve the graviheld 
Xi^ or xj^, so that the basic gravitational held should be the graviheld rather than the 
gravimetric held x^iu when considering the basic fermionic interactions. It indicates that 
the Einstein theory of general relativity must result as an ehective low-energy theory by 
integrating out the fermion helds and also integrating the high-energy contributions into the 
renormalized coupling constants and quantum helds. 


X. GRAVITY EQUATION BEYOND AND EXTENSION TO EINSTEIN’S EQUA¬ 
TION AND HIDDEN GENERAL COORDINATE INVARIANCE 


To be more explicit in comparison with the Einstein theory of general relativity, we shall 
reformulate, in terms of the hidden gauge formalism, the equation of motion for the graviheld 
given in Eqs. flU^ and flUB]) in the Einstein-type basis. For that, let us hrst rewrite the gauge- 
invariant action of Eq. flT9|) into the following expression in the hidden gauge formalism: 


C 


= d'^xxR, 


= \/u ij) + H.c. ] - VsMsijiJ + C'{x) 

awMg-x^^ x’"" Xaa'{r[fj,u] + ) 

+ ceMI 7^ + Mlglr^'W^W^, - A,M| , 


( 212 ) 


with the spacetime gauge held 


KM = Xa Vm x" = xKdM + QsKbXu ), 


Kb = <b + Kb > 


™ ^ per I pa 

pu pu ' pu 

M = Ku - M M M 


ri ( 2 :) = Xa (dM + OsKbXu ) , M (^) = 9sXa KbXu , 
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and the held strength tensors 


V XPP 


Rpuper RpvpXcr'a i 

TZ.ia = —R 


R = RpM = RMp , Rpu ^ -RpM = 

r; = RpKK^^ 


pau 5 


= K fXf,', 


(214) 


where the symmetric spacetime gauge held T^^j, is governed purely by the gravimetric held 
Xpix as shown in Eq. fl201l) and R'i^y^x) is an antisymmetric part of the spacetime gauge held 
with the antisymmetric relation r'ily{x)xap = ~Rpp{^Kiny Note that here we have used 




different notations for the gauge fields so as to distinguish two cases: with and without the 
spin and scaling gauge symmetry breaking. 

Once the spacetime gauge held is decomposed into symmetric and antisymmetric parts 

its held strength can be written into two parts, respectively, 

+ (215) 

where is determined solely by the symmetric spacetime gauge held The rank-2 
tensor held strength 71^^, (JZJ^) and the scalar tensor held strength 71 are also decomposed 
into two parts 


R/iu = Rfiv + Rfiu 5 Rp = RJ^ + i 

R = R + R, R = Rp,r'' = Ru%, (216) 

where the hrst part Rpy is the symmetric tensor held strength that is governed solely by the 
symmetric gravimetric held. The corresponding scalar tensor held strength R in the action 
describes the Einstein theory of general relativity. 

The gauge-invariant gravifield tensor and gravifield tensor current dehned in 
Eqs. fl95|) and fl96|) get the following expressions in the hidden gauge formalism: 


G/ = r;.Gr + g^WpQr ■ 




PU 


(217) 


In terms of the hidden gauge formalism, the gravity equation can simply be expressed as 


vpGr = % 


with a dehnition for the gauge-invariant covariant derivative 


(218) 


V, sr = dfSr - r;xr - ■ (219) 

The energy-momentum tensor is rewritten as 

r/ = -r]uc + \xbxa‘‘^rv,^! + ixxi,r'q,p + H.C.] 

- XX'“‘'r’\:Fi;H, + + A ] 

-f XwR[p'p\R[ua\ + (2 + 1/aw)gw7VpiWv + gljXp'uX^'^TVpWcr] 

+ 2xaEMlnf (220) 

with the Lagrangian density given in Eq. fl212p . 

In general, the above gravity equation holds for 16 components, as the energy-momentum 
tensor is not symmetric. Let us decompose the energy-momentum tensor into symmetric 
and antisymmetric parts through a redehnition 


T = T ‘ 

'pix ' 11 


Xo 


= G 


/iZ/ 


Tpy -l- 


[fiu] 
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where and T^^ are the symmetric parts and T[pv] is the antisymmetric part. They are 
explicitly given by 


Gpi/ gx\.RpLv c^Xpix R\ ^ 

1 1 

T = Y — Y _V -L tG _.y j'G 

^ jiu A/Iix-^ ' pu Xfiu-^ ' py ^lU 1 


( 222 ) 




for the symmetric part with the definitions 
= xysMs^^^^p + , 

= \x[i^{XiJ^u + XuT>f,)^+ i'^i){x^^\/y+Xu\/^l)'<P + H.C.], 

T/l = X^eMI + xMlglW^W^ , 

T^u = + + 

+ + 2glW^Mu], 

^ r^^^^xpa , (223) 

and 

= ^[^ly] + T[;ji/] , 

G[h = x<^eMI {iz^v — iz^n) , 

T[h = ^xli^iXi^'I^u - + i'lp{x^lVu -Xu\7^l)'^ + H.C.] (224) 

for the antisymmetric part. 

Let us also decompose the gravifield tensor into symmetric and antisymmetric parts: 

= s^xau = g;, + (225) 

with 

G;, = awMlg^x[lKW, + €W,)-x,.r^W^]. 

= (^wM^xiriuat^jx""^ + gw^iv^^w^ - ■ (226) 

The covariant derivative of the graviheld tensor can also be expressed into the corre¬ 
sponding symmetric and antisymmetric parts: 

T% = = r»„ + 7jJ„|, 

Vp6,2. = (Sp - s.w,)9;, - r"„e/„ - r'„a^ - r" ex, ( 227 ) 

with the symmetric part and the antisymmetric part. Their explicit forms read 

= (8, - s^w'XGX - r^GX - r^GX - 

= c - + a»/M|xi|x'”(d;4H + h“4;.«|) “ + PZW,)] 

7g.i = (a. - J«»r,)eXi - rX6[;„, + rX6[,y - - rx^XI 

= awMlx\[ X'’"(VpG[^aM] - VpAmh) “ - rj^W^) ] (228) 

with definitions 

ry = a„.M|j„,xi(v,.w'„ + v.-tx.). r" = , 

sjiM'. = (9„ - - d,w^ , 

= {dp - gwWp)ry^„p^ - T'^p^^yaa^l\ - Tp.^r’li.ap] - r"^r’[i.(xa] - rp°^ryy^a] (229) 


From the above analyses, we arrive at two types of gravity equation by comparing the 
symmetric part and antisymmetric part of equation namely 

G^„ = -V + r«„, (230) 

G[„„| =-Tm + . (231) 

where the hrst equation is the extension to Einstein’s equation of general relativity, i.e., 
2aEMlx[Riiu - 

=-\y T'^ + - y T-^ + T'^--y T^ + T'^--y T‘^1 + - y 

+awMlx]^W{.rpir[aua\ + RpZRwpo;]) - 9w{.rjpW^ + rjjw^) ], ( 232 ) 

while the second equation is a new type of gravitational equation 

2aEMlx (Rpu - Rup) + awM^x[x''"iVpApau] - ^pR^ap]) + QwiRfpW^ - RJIW^) ] 

= —xl’i^iXpRu - XuRp)"^ + #(Xp Vi^ -Xu\7p)i’ + H-C- ] - XOtwMlg^W^,^ , (233) 

which characterizes the twisting and torsional effects. 

It is natural to ask how the hrst gravity equation in the hidden gauge formalism be¬ 
comes a natural extension to Einstein’s equation of general relativity though we start from 
the principles and postulates alternative to the ones of general relativity. In the general 
relativity, the main postulate made by Einstein is that the physical laws of nature are to 
be expressed by equations which hold good for all systems of coordinates, which indicates 
that the physical laws should be invariant under the general linear transformations of local 
GL(4, R) symmetry. In fact, it is interesting to note that via a linear group transformation 
the action of Eq. fl212p is indeed invariant under a general coordinate transformation 


dx^ = 




dx ^ 
dx'^ 

dx'r 

dx^ 


-dx\ 

d',, = 

dx'' „ 

„ , o,. 



dx ^ 


1 

A'k _ 

^p 

dx^' 

dx'' " 
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with and representing vector helds, such as K = Xj" and Al = , Xp , Wp). 

Although the gauge theory of gravity is built based on the global Lorentz symmetry of co¬ 
ordinates in the flat Minkowski spacetime, either the gauge- and Lorentz-invariant action 
of Eq. (l49|) or the Lorentz-invariant action of Eq. fl212p in the hidden gauge formalism, they 
all possess a hidden local symmetry of linear group GL(4, i?) under the general coordinate 
transformation. Such a hidden general coordinate invariance is a natural consequence of 
the postulate that the action must be expressed to be coordinate-independent in the grav- 
iheld spacetime as shown in Eq. fl4^ . Therefore, the postulate of the gauge invariance and 
coordinate independence is thought to be a more general one. 

Before ending this section, we would like to emphasize again that the gravitational in¬ 
teractions with boson helds can be characterized by the symmetric gravimetric helds Xpi^ 
terms of the hidden gauge formalism, while the gravitational interactions with fermion helds 
have to be described by the graviheld held Xp- In fhe gravity equations, it is explicitly seen 
that the fermionic energy-momentum tensors and Ripv] always couple to the graviheld 

Xp = Xpla- 









By comparing to the Einstein theory of general relativity, we are able to hx the combi¬ 
nation of the coupling parameter and scaling mass scale as 

2aEMg = ~ — 4q!w^5 ) (235) 

with Mp the Planck mass and ap and aw the effective couplings at low energy. Such a 
relation results from the requirement that the free part of the graviheld in quantizing the 
gauge theory of gravity Eq. fl49l) is equivalent to the free part of the gravimetric held in 
quantizing the general theory of relativity as an effective held theory at the low energy. 
Namely, the high-order derivative terms of the gravimetric held in Eq. fl212p is considered to 
be negligible in a good approximation when the energy scale is much below the Planck scale 
Mp. 

Furthermore, we would like to point out that the hidden gauge formalism Eq. fl212p for 
the gauge theory of gravity [or Eq. fl208p with gravitational gauge symmetry breaking] is 
presented in order to compare with the general theory of relativity formulated by Einstein 
based on geometrical considerations in the curved spacetime. In general, for a quantum 
theory of gravity, it is demonstrated in the present paper that the gauge theory of gravity 
Eq.dlHD based on gauge invariance and coordinate independence should provide a better 
approach than the usual straightforward methods of perturbative quantum gravity based on 
the general theory of gravity. In principle, only the graviheld is essentially thought to be 
a basic gravitational held that interacts with the basic building blocks of fermionic matter 
helds, and also only the graviheld is really treated as a gauge-type held that is associated 
with the gauge held in the coset = PG(1,3)/SP(1,3) of internal Poincare gauge group 
PG(1,3) in the spinor representation of graviheld spacetime. Thus, the quantization of the 
graviheld can be carried out straightforwardly in a standard approach within the framework 
of relativistic QFT in the perturbative expansion. In contrast, as shown in the hidden 
gauge formalism Eq. 02121 ) . the Goldstone-like gravimetric held in the bosonic interactions 
concerns high derivative gravitational interactions, i.e., which makes 

the quantization of gravity unusual. Only in the low-energy limit with an energy scale much 
below the Planck scale Mp does it enable us to take appropriately the general relativity of 
gravity as an ehective held theory to make a perturbative quantization of gravity jdOj. 

Moreover, it is interesting to notice that the relation ap — 2aw given in Eq. 0235p indicates 
that the bosonic gravitational interactions in the gauge theory of gravity Eq. fl49l) possess 
only a local gauge symmetry of spin group SP(1,3) rather than a local symmetry of internal 
Poincare gauge group PG(1,3). This is due to the fact that only in the case with ap = 
aw does the bosonic part of the action in Eq. flT^ get an enlarged symmetry of gauge 
group SP(1,4) that can be regarded as a gauged internal Poincare group PG(1,3) in the 
spinor representation of graviheld spacetime. In fact, for the gravitational interactions with 
fermionic helds, there possesses in any case only a local gauge symmetry of spin group 
SP(1,3). Thus, the gravitational interactions for both bosonic and fermionic parts can only 
have a local gauge symmetry of spin group SP(1,3) as a subgroup of internal Poincare gauge 
group PG(1,3). With such an observation, the hidden gauge formalism of the gauge theory 
of gravity Eq. fl212p is, in general, not expected to be obtained as an extension of the standing 
way of gauging the global Poincare group P(l,3) in hat Minkowski spacetime. 

In conclusion, within the framework of relativistic QFT, the postulate of gauge invari¬ 
ance and coordinate independence should be a key principle for establishing a gauge theory 
of quantum gravity shown in Eqs. fHsp and fl49l) with the graviheld as a basic gauge-type 
gravitational held. 












XI. CONCLUSIONS AND REMARKS 


By treating the gravitational force on the same footing as the electroweak and strong 
forces within the framework of QFT in flat Minkowski spacetime, we have described the 
QFT of gravity based on the spin and scaling gange symmetries. A biframe spacetime has 
been initiated to describe snch a QFT of gravity. One frame spacetime is the globally flat 
coordinate Minkowski spacetime that acts as an inertial reference frame for the motions of 
helds, and the other is the locally flat noncoordinate graviheld spacetime that fnnctions as an 
interaction representation frame for the degrees of freedom of helds. The gange-invariance 
and coordinate-independence in the graviheld spacetime have been shown to be a more 
general postnlate for establishing the QFT of gravity. Snch a qnantnm gravity theory has 
been demonstrated to have the following properties: i) The basic gravitational interaction is 
characterized by a bicovariant vector held sided on both a locally hat noncoordinate 

spacetime and a globally hat Minkowski spacetime. is an essential ingredient for 

ganging the spin symmetry SP(1,3) and scaling symmetry of the basic fermion helds; it con- 
pies to all kinetic terms and interaction terms of the gange held and is referred as graviheld 
for short; ii) The locally hat noncoordinate spacetime is spanned by the graviheld to form a 
locally hat gravifield spacetime characterized by the dnal graviheld bases 
and {xa = Xa^{.^)dfi}; such a graviheld spacetime shows a property of non-commutative ge¬ 
ometry. The vector held x°‘{^) = Xi^{x)dx^ has been regarded as the one-form gauge-type 
potential in the Minkowski spacetime; its held strength describes the gravitational interac¬ 
tion. It has enabled us to construct a gauge invariant and coordinate independent action 
for the QFT of gravitational interaction, iii) The globally hat Minkowski spacetime in QFT 
sets an inertial frame for a reference to describe motions of quantum helds and to make 
a meaningful dehnition for the momentum and energy; we are able to derive equations of 
motion for all quantum helds. iv) Such a QFT of gravity has allowed us to obtain basic 
conservation laws with respect to all symmetries. An alternative equation of motion for the 
graviheld tensor has been deduced in connection with the energy-momentum tensor, v) The 
spin and scaling gauge symmetries have been assumed to be broken down to a background 
structure that has global Lorentz and scaling symmetries. A unitary basis dehned by hxing 
a special scaling gauge condition has been adopted to yield an exact solution for equations 
of motion for the background helds. vi) The geometric property of the graviheld spacetime 
is, in general, characterized by the gravimetric held and the scalinon held. The resulting 
background graviheld spacetime has been found to coincide with a Lorentz-invariant and 
conformally hat Minkowski spacetime of coordinates. The background graviheld spacetime 
has been shown to be characterized by the cosmic vector with a nonzero cosmological mass 
scale. Such a background graviheld spacetime is, in general, not isotropic in terms of the 
conformal proper time except in a special comoving reference frame. The conformal size of 
the Universe has been shown to be singular when the light travels close to the cosmological 
horizon in terms of the conformal proper time or in the comoving frame. It has also been 
demonstrated that the Universe appears inhationary or dehationary in light of the cosmic 
proper time. 

The action of the quantized gravitational interactions has explicitly been constructed in 
the unitary basis. The gauge-hxing contributions to the quantization of gravity gauge theory 
have been presented by using the Faddeev-Popov formalism in the path integral approach. 
It has been shown that it is, in general, no more difficult to make the identihcation of the 
physical quantum degrees of freedom and the dehnition of a quantum gravity theory anal¬ 
ogous to the quantization of Yang-Mills gauge theory. Based on the background graviheld 
spacetime, we have explicitly written down the leading ehective action which enables us to 


read the Feynman rules and investigate the quantum effects. The main issue is the universal 
coupling of the inverse gauge-type gravifield, which causes the nonlinear nature of the theory 
and may result in the nonrenormalizability of the theory. On the other hand, the gravita¬ 
tional interaction with the scaling gauge invariance indicates the existence of a fundamental 
energy scale that characterizes the ultraviolet behavior of the theory, so that the theory ap¬ 
pears to be infinite-free and meaningful by appropriately treating the divergence integrals. 
When the spin and scaling gauge symmetries are broken down to a background structure 
that possesses the global Lorentz and scaling symmetries, there exist rich gravitational in¬ 
teractions with the background fields. The quantum effect on the inflation of the Universe 
has been discussed based on the effective background scalar potential of the scalinon field 
at the one-loop level. We have concluded that it is the quantum loop quadratic contribu¬ 
tion that causes the breaking of global scaling symmetry and generates the inflation of the 
early Universe, and the end of the inflationary Universe occurs when the evolving vacuum 
expectation value of the background scalar potential approaches a minimal condition. 

When taking the gravifield as a Goldstone-like field that transmutes the local spin gauge 
symmetry into the global Lorentz symmetry, an alternative spacetime gauge field has been 
constructed from the spin gauge field, i.e., r'^y{x) = Xaid^^Xu + ds^fibXu)^ so the 
spin gauge symmetry becomes a hidden gauge symmetry. Such a spacetime gauge field is a 
Lorentz tensor field defined and valued in flat Minkowski spacetime. With this consideration, 
we have presented an alternative action of quantum gravity which shows that the bosonic 
gravitational interactions can be described by the Goldstone-like gravimetric field Xij.v{x) and 
the spacetime gauge field except for the gravitational interactions with the fermion fields, 
which enables us to compare the present gauge theory of gravity with the Einstein theory 
of general relativity. It is manifest that the Einstein theory of general relativity results as 
an effective low-energy theory. Two types of gravity equation have been obtained; one is 
as the extension to Einstein’s equation of general relativity, and the other is a new type 
of gravitational equation that reflects the twisting effect. It is interesting to see that both 
the gauge-invariant action and the Lorentz-invariant action in the hidden gauge formalism 
possess a hidden symmetry of local linear group GL(4,i?). Namely, the resulting gauge 
theory of gravity possesses a hidden general coordinate invariance, which indicates that the 
gauge invariance and coordinate independence in the gravifield spacetime become a more 
general postulate for establishing a gauge theory of gravity. 

Finally, we would like to remark that in this paper we have described mainly a general 
framework for the quantum field theory of gravity based on the spin and scaling gauge 
symmetries and paid special attention to the mechanism of quantum scalinon inflation of 
the Universe. We shall leave other important issues elsewhere for further investigations in 
detail. 
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